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BRIEF

Enclosed in the following 1963-h annual report to the

National Aeronautics and Spsce Admlnistratlon on the _G-h83

program at Syrac_e University is one complete doctoral

dls_ertatlon on the Surface Energy of Solid Silver (Part _) and

a portion of a master's thesis (Part 2)° Since rhea, two wcrkl

comprise the two major efforts for the past year at Syracuse

they are included in thei.:entirety° The theore_icai study and

experimental data from the surface energy dissertation iz to be

presented to the .openii_erat_e as a publication within the

following year_ Upon completion of the mast_r'_ thesis, t_his

work will also be published.,
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SURFACE ENERGY OF SOI/IDSILVER

by

Wilbur M_tchell Franklin, Jro

(Doeto:_l Disse_stlau)
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A three _imensional atomic model of solid surfaces is developed

and the origins of surface stress are explained. It il shown how

ttul strain energy in solid surfaces can be incorporated into t]-_ equi-

librium thermo_rnamlc equations of surfaces. A relation betve4_n

gradients of e_face quantitie_lis derived.

A new, direct experimental approach to the determination of

surface ener_ of atomically clean surfaces was _vel_ped. Th_ tech-

nique involves the evaporation in ultra-high vacuum of a solid sable

to fonu a thin film of very large surface &r_a. The surface a_',_ is

q

measured by a physical adsorption (Brunauer, Emmett, Teller) technique.

The surface energy in obtaLned from measuremt,nts of the energies of

evaporation and condensation and from the sl_rf_ area determination.

The ener_ of condensat_c_ was measured in an i_othermal liquid nitro_n

calorimeter _f new design. The techniqtw applied to p_ur_ elt_ental

silver yielded a surface energy value of 3500 erp/cm 2 at 77°K,
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I, INTROL_UCTION 1

: Surfaces of soli_ condensed phases have great importance in many

_ technologies and both the amount o_ research and the variety of models

concerning surfaces are growing at an increasing rate. Often more in-

formation about crystals can be obtained from experimants on surfaces

than from those _ea_lingwith the bulk of the crystal, The role of
e

s,,_facetension in the overall field of surfaces snd interfaces Ls of

: paramount i_vportr_oe since it is a basic parameter of all surfaces,

! To this date, no I_ tempera:_-,_reexperimental determinations of
!

the surface ten_ion of atomically clean solid su_rfaceshave been

published. C_:nerally,meazurements of surface tension appearing in the

curz'entlitezatu_ involved interfac_ of the type solid-poor vacuum,

inert gases, _lquids, etc. S'.u_ace tension measurements u_illzing the

high temperature technique of f_eld electron emission did s%u_ J _to_i-

- cally clean surfaces. It w^u!d be possible to adapt s_e of th_ o_her

experimental techniques to ultra-hlgh vacuum and, there-by, obtain

measurements for clean surfaces. The difficulties which aigJ_t arise in

such er#eri_nts are also discussed.

This study introduces a n,_v experimental _.pproach to the determi-

nation of surface %ensi_s of sol_ and provides a critical sur_y of

the other techniques currently i_ practice. An attempt is made to c_-

dense, unify.,an_ extend some of the curren_ and classic_i pheno_enolo-

gical descriptions of surfaces emphuizing thermod_n_mlc and ato_istic

conc.-ptsrather than quantum mechmnics. Since _,heexperimental wo_ i_.-

volves the solid surface-vacuum interface, the scope of this study was

See Section on Theory for _efiniticns

"*See Section on Other Experimental T_chuiques

1964019303-012
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lim_.ed in general to only this Interfa¢_ or to _hose concepts which are

generally appi_ -_.b]e-

The low temperature tec_ulq_ developed herein is applicable to a

n-,_er of solid e1_m_nts and compotnds _h differing degrees of amena_

bll_y. _e procedu_'e _onsi_ts of me_urlng the difference in the heats

under :ondltlons in _hlcD t_ue area of the sample Is sever_ m_itu(_:s

smaller th_ ths._ of the ,:ondensate '_.Thechange In ar_a is then de._

termined by _ta_ndard Brunauer, Emmett, Teller _BET} _.ecani_uem0

1964019303-013
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iI. ., _HY

The te_inology used to d_scribe surface paraneters is extremely

varied and often _ifficult to correlate vith other uses of the sa_e terms,

In so_ cases a mis,_derotanding of concepts _ud definitionm has led to

confusion in the literature. This is particularly true of the term,

surface tension (Y), surface free energy (Fs) _n_ surface stress (T v).

-- Therefore, an attempt to consolidate and _lucidate precise _efinitic_s

of terms and concepts will be giveu here. The role pla_ed _" point

defects and dislocations in surface studies is certainly i_ortant but,

since a good understanling of the defect free surface is required before

attackin_ defect-surface interactions, the theory ie generally limited

to simple defect free surfaces.

A. Gibbs' Surface

The concep!"of surface quantities given by Gibbs (I) defines

an exces_ quantity due to the presenc_ of an in_erf&ce betveen two

b_k quantities such as phases or aa_netic or electric d_s.

The bulk quantities are considered homogeneous throughout up to a

region called the surface. A dividing surface which ie a mathe-

matical and conceptual convenience, aa_ be chosen in the surface

region somevher_ betveen the tvo homogeneous bulk statue to pus

through alA points having the same enviro_ent _ith respect to the

adjacent matter. Thus, th_ dividing surface la a lurface having

no th_nkness vhich _a_ _eparate the surface r_ione of t_o bulk

phases, 'I_ location of the dividing surface is rather arbitrary

and could be chosen¢ for exa_le, for a solid-gas iDt_rface, _ a

surface outsid_ the outermost la_er of atom in the solid, in which

the electron density is equal and homogeneous thro_hcut,

9640 9303-0 4



For _ny extensive thermostatic quantity, X, (such as energy,

entropy, or volume of a system)

where Xa and _ _ce bulk quantities for homogeneous bulk regions a

and b extending throu6h the volumes of regions a and _ and _hrough

the surface reg,.oneon the i and b sAdes up to the dividing inter..

X=
are the surface excess quantitie_ which are d,_eto

face. &nO.
a

the disturbed layers n_ar the interface and are J_m% the

d/ffereuce between the quantity, X, in the surface volume and the

h_mogeneous quantities, Xa and _, in the surface re,ion. For flat

sArfaces the surface region can be considered as a section of a

cylinder or prism and fo_ curved surface_, u a frustrum of a cone

or pyTeaid as shown in Figures la and lb.

The beauty of Gibbs' definition lies in its simplicity and in

the concept of _,_esurface in terms of excess extensi-_e_uantitiee

and of three dimensions. None_less. unamblgucus definitions of

and distinctions between surface tension, "_ee ener_-, stress, and

atomic spacing require a more _tai]ed examinatdon of the system,

In the following, the normal _ the surface will, in _e_._ral,

be considered the Iz I direction and a flat surface will lie in the

[xTl plane u sugdse_tedby Wood (2) in a discusslon of surface

cryetailograph_.

B. Surface Tensio_ and Free Energy

., Consider firs_ a one componen_ system initially ,atchemical

equilibrium and having no applied fields. Then the surface

tension, _, is _e_ined (3) as an intensive _uantity equal to the

1964019303-015



__ Ho_o_eneou_ a

Ho_o_eneoue a
plus sin-face

...... _, J J excess quantltys_ a

' Homogeneous b

p._u_ surface
, execss _ue_tlty.X_

" .-- -- _ H_ogeneo,_ b

Figure la - Surface Excess _egion Showing a Planar Dividing Surface

Figure ib - Surface Excess Regi_ Showing a Curved Dividing Surface
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reversible work required to form a m_it of new surface area from

material in the bulk state under the constraints of constant

tes_erature (T), volume (V), and chemical potential (_)e

(2)
7 " "dA T,V,_

wher_ W = reversible work done and A = ,_reao Thermal, pressure,

and atomic reservoirs are needed to ensure constant tempe_-ature,

volume_ a_i chemical potentiLl since all three of these quantities

can change with respect to the bulk state during formation of new

surface. Under these conditions for a one component system,

surface tension and specific surface free energy (an intensive

quantity) are equal:

= E - T S + PV (3)
7:' Gs S s S

vhere Gs, Es, Ss, P, and Vs are the specific surface Gibbs

free _ner_, internal energy, entropy, pressure and volume re-

spectively° These quantities represent differences between bulk

and surface states for a number of atoms per uni_ area. The PVs

ter_ of Equation (3) is no_nally neglected as it is in Equation

(2) since volume is generally considered constant an_ _ince, in

actuality, the volume change in bringing an atom from the bulk

state into the surface is probably quite small. This pressure is

the ambient pressure itbov_the surface and Frank (_) arrived st an

order of magnitude value of the PV term of about 10-2 ergs/cm_s

for atmospheric pressure. Hoverer, the pressure that an atom

ecf., the section on Irreversible Processes and Equilibrium of Surfaces.

1964019303-017
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moving toward the surface of a solid is subjected to, includes the

internal preseuA-e in the surface stress system which ,_ be _cn-

aiderably greater than atmospheric and poseibl7 of _ different

sign, For example, the diagonal cemponents of the streL_stensor

g/re the three pouible internal pressures in the surface, The

pressure perpendicular to the surface is affected b7 the external

fluid pressure. Un_er certain circumstances, e.g. vac_, the

external pressure e_rted on the surfc,ce _suq,be effectuallT zero.

In lattlc_ _berao_ynanics the stress and strain due to _nternal

forces constitute the strain energy and appear, therefore, in the

internal energy of Equation {3). The _xternal pressure needed to

restore surface atoms to their bulk lattice positi_ is given by

KEplau (5) f_r _ linear chain of atoms interacting by t_-bod_

poten"'-_"+ For _r discussion of this subject see the

eection_ "Surface Stress and Ate; _ _paclng",

The variation of surface tension vlth crystallog_aphic

orien+_atlcmhas been studied rather exhautlve_7 (6) and, there-

_ore, further discunion, of thls subject seemed unaecessa_7,

N_ximma variations of surface tension with orientati® of 10% to

15S are c_ly repo_ted.

With the above idealized definition of 7 in aln4, the ter_-

no_o_ t_Jed for surface quantities can nov be clarified. Gibbs

(l;p. 315), Herring (7; P. 8) and _ullius (3; p. 18) point out

sons of the aabiguities in the use of the tern "surface tensi,_a"

which is a scalar energy _uan'_ity in unite of erg_/c__. Surfers

tension ta not s vector or a stress tensor quantttT. Surface

1964019303-018
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stress is represented by a second rank tensor and is given ia units

of 87_es/cL Under certain circumstances, the surface _tress c_

equal surface tension as pointed out Ister in the sectior, "Surface

Stress and Atomic Spscing r'. Specific surface free energy, Gsp is

an energy per unit area te_n as is ?' bu_ can equal ¥ anl_ under

certain special conditions as stlpula_ed below. Thus, for the

_eneral case, y is neither a free _ner&7 nor a stress but under

certain conditions can be equal in every va_ to the specific

surface free ener_7 and can be equal in _LRnitude to the surface

str.ss, but not in units or in meaning.

Since Es and Ss of Equation (3) rspresent differences in

ener17 and entropy upon changing atoms froa the homogeneous bulk

state to the surface ".tareas in an ideal c_eava6_ (following the

constraints stipulated in the definition of _), the ©ffect of

preferential concentration of certain atomic species on the surface

of compound czTstalm must also be accounted. If an ideal cle&v_e

is perfor_e_ on a c,c_o_md crystal and, subsequently, atomic mi-

gration allowed to occur such thct equilibrlu_ in the system is

attained, the air-.talcconcentrations of surface &tc_s ma_ be _uite

&i_ferent from concentrations in the bulk due to the lowerlng of

surface tension (i). Thus, in compound crystals _n_ i_ crystals

with adsorbed atoms or aolecules

s

. _ Ui "_ (_)

where _i is the che_ic_l potential of the ith adsorbed species on

the cryst_% and _:/A are t_A_ changes from bulk concentration of

9640 9 0-0 9
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molecules on the surface.

If the_e is an adsorbed layer on the original sazple, before

£o_--_ing _he new lurface area, the composition or electr_ic state

of the surface may (fillerc_sidera_ly frr_ that of the bulk. ._hat

is, a cheaical potentia& g_adient or other Gradient ma_ exist

between surface and buAk crates such that there is a _ueli-
e

e_uAlibriua situation . If the surface tension of the uriC!hal

ssaple is desired, the st&re of the n_v_y forme_Lsurface aust be

identical to that of the ori_nal. Thus, reservoirs of _t_,

electric fields, aagnetic fields, etc. are neces|ary in t_e

general case to ensure that chemical, electric, aa6netic, and other

potentials are identical in the nevl_ for_d surfsce. In a _ual2-

equ.J.librium situation the potential gre_lients perpendicular to the

divi_In_ surface must, therefore, remain cca_stantthrou£hout tlw

experiment. Also, potentA'_A gr_diente parallel to the #Avidin6

surface aust vanish for o_r _fiaition of s_rfsce tension to hold,

In addition to potential reservoirs, therasl and mass reservoirs

required to ensure c_stant _elperature and voluae, both of

which _ ch_ge slight,l_v upon foruatton of new surf&ce.

C. Surface St_e,ss a_d Atomic 8_acinE

Surface _eneJon, _, was deI_nsd as the york re_uArsd to form

unit area of hey surface t_der certain constraints _aile _urfe_e

stress is defined by the work re_'_tred to deform a surface

parallel to the surface. Surface stress eight be dei_Aned,at &

_articular point t more precisel__. s_ the difference In stress

eSee section on Irrevereible P_oceesee au_ F_uilibri_a ef Surfaces.

1964019303-020
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s_ates between a point in the surftAce phase relative to a point in

a st_udar_ state of _ero stress in the bulk phase. For small

defo_aticns Hooke's lay may be assu:_d such t_at s_ress is a
L

linear function of strain; but for large deformations no_-linear

•_.erme _bo'__:!_ be _nc!uded (8). If the ata_s in e_face l_vers do

not reside on the bulk lattice s_tes the surface stress would be

equal to t_at applied stres_ necessary to remove t_e surface

strain, e.i., to re_tore the surface at_s to their bulk lattice

_ositions. _t. is i_port_ut _o realize tha_ a surface stress will

exist for a system in complete equilibrium having no external

applied forces. The surface strain which we are considering here,

is not plastic in nature, e.g. a ls_er of dislocations and, in

addition, does not follc_ so_e of the usual concepts of elastic

strain. In the fully annealed equilibrium state with no applled

forces, a stress and strain will still exist.

Presentations of surface s_ress sa a two dtnsnsional

quantity have been given by Herring (7,9), 8huttleworth (i0), and

,Mullins (3). The spacings of surface a_oms considering ce:tain

types of a_cmic Interactic_ potentials have been studie_ by

Lennard.Jones and Dent (ii_ and K_plan (_). SiDce the _any-bo_

problea is a highly c_nplex _a_he_atical model and q.u_te difA_Icuit

to interpret, a consideration of the spacing of surface atoms in

terms of two-bod_ tnteractio_ potentials will provide sa_c insi£ht

to the problem even though :here are many inherent li_ttatt_ to

•his technique.

_onsider a crystal with nc external or internal stress to be

1964019303-021



an infinlte lattice at equilibzium and homogeneous t_roughm_t. The

introduction of a surface t_ this system w_ll result in displ_Lce-,

ments of the a_,ms in and near the surface° The reasons axe _s

follows: the removal of a_oms constituting neighbors to the

surfac_ atoms and. consequently, their interaction potentials above

the newly formed Furface la_-ers_nd, secondly, the _o#4ficat_on of

interaction potentials of the atoms within the surfac_ Layer° The

stress corresponding to the _Isplacen_nt of atoms :_uand near the

surface is the s_rface stress _ta may ac_ both parallel and/or per-

pendicular to the surface aud may include shears. In te_ns of

bond strengths and electr'o_ densities, the electr0us in the broken

bond_ at a surfBne may increase _he electron density in adjacent

bond_ _n the surfac_ layer, if such electron s_.atesare available.

Since !attice strai_ ener_ can be formulated in te2_ of

two-bo_ potentials for many types of atomic bomding (12)D ve can

consider the f_loving equation in which the repulsive e_onent,

m. a_d attractive exponent, n. =ay vary with the ty_e of b_ndlng

considered _e.g. i_ulc_ _etallic. covalent, etCo}°

m n
r r

This e_uation gives the potential energy of iuteractton, $(r),

between two ato_ at - dist_ce, r, and gives th ,,_ =qu_iibrium _a-

molecule spacing, r2, at _ = 0 and d_ > O. We are
tomic

interested in the location of the nearest _eighbor (NN) an_ n_xt-

nearest neighbor (nN_) atomic spacings in the bulk lattice end in

surface layers on this potential curve, as sh_n in F_gure _.°

1964019303-022
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Figure 2 - A typical two-body potential curve '(r), and its

repulsive (a/rm) and attractive (-b/rn) components

showing the locations of equilibrium spacin_,1in

the diatomac molecule (r2), and nearest neighbor (a)

•i and next nearest neighbor (2a) d_stauces well within

a linear chain°
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Lattice summatlor_s of 8ny reasonable type of potential curve re-

sem_bl_ng that shown in Figure 2 show that the NN distance in a

lettJce is _wailer _nan %he atomic spacln_ in a dl_tomic molecule:

This is obvious from consideration of Figure 3: if only _ "u_.

nNN interactions are consldered here,, th__ effect of adding a tblrd

atom to a dlatomic molecule is to make the interatom-.c _paeing

J

smaller due to the positive sl_..e o.f the nNN potential of %he third

atom such as atom C in Figure 3_ In the zria%.cmic molecule_ %he

potential of each atom is the sum of two interaction potentials as

shown in Figure 3_ i_ne sum of the t_-o-body potentials gives a

trlato=ic molecule spaclng_ r3 < r2_ In many lattices only NN an,/

nNN interactions ar_. important and, hence, the analogy between the

]a%t_ce interactions and the trlatomic molecule is ob_lous_ How_

ever, the same argument holds for more d_stant neighbor inter_

actions° We have asst_med here for simplicity that the two-bo_

in_eraction potential curve does not change as more _md more atoms

are added to the diatomlc molecule_ However, this is obviously

not true s.nd s knowledge of a two-bod_ potential within the matrix

oi a lattice or for an adsorbed atom on a surface would be much

,_9re useful_

In terms of two=body potentials Kaplan (5) demonstrated tha_

the atoms at the ends of a linear chain are spaced very slightly

farther apart than atoms in th,: bulk, This was sccompllshed umlng

a new m_.thod accounting for the equillbrium pressure, in a lattice_

In the Born and Huang (13) formalism of ].a%tice d_namics a re_-,

lation for the pressure _n lattice equilibrium is missing slnce_ at
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Figure 3 - The sum of two-bo_ potentials for a linear chain of three

atoms initially spaced at the diatomlc molecule distance_

r2_ The new e_uilibrium spacin6, r3, ia less then r2o _e

light lines represent the four two-body poteatlal curves

end the heavy lines are the sums of these°
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the equiiibrl'_m posutlon in it_ potential wel!_ an atom has no

force acting on _t as _ I - 0 for a potential well e_hibltingr-_a

a minim,_m at the equilibrium lattice spacing° _Is difficulty

d ,
was surmounted by using a potent-_l where (d_. # 0 am for adr'_a

t

diatonic molecule potential for a linear chaln; Kaplan expands

the two-bo_v, potentials for NN ®,Xn _ Xn_ ). and nNN e(X.n _'Xn_2_"

assuming small deformations so that a se_les expansion is w\lid:

' " _ (X Xn 1)2 (6),(x- x l). ,<a> �Kl,X - X - ..

n n=2" n n_2: n n-,2"

where Xn is the position of the nth atom (Xn - na + X)_ a is the

lattice spacing well removed from a surface_, x is the dlsplace_n

th
ment from the bulk lattice position of the n at,om_ aad the force

con_tants KI and K2 are the flr_t derivatives of the tvo=body

potential curve at the NN and nNN distances respectivelJf and .k1

)'2 ' ' K2 '" 'and are the sec.-_d derivatives K._ -_.: ¢ a, '_ ¢ , _-a,_

_i ¢ (a). X2 -_ $ (2a),

These force constants can be obtained from dlatomic molecale

potential curves o If they are assumed constant even for _urface

atoms, the displacement of atoms in a flnlte linear chain w_th mo

applied forces was dmrl_ed by Kaplan as_

(K.. + K^_ I

X = X _ I--'A'--_z--'i'_A2/X1 )n_l _8)

The important _pect of this equation _s that it _hows that bhe
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,displacements of atoms from thezr equilibrium bulk values fall off

extremely rapidly with distance from the surface_ For instance,

if we use realistic values ft." - X! = Oola and _2/_i = 0o01I

for short range potentials_ then the f_zst, second_ and third

atoms in the linear chain are displaced by 0ola_ 20=3a and 10-5a

respectively- from their bulk lattice _it_so T_e obvlo_ _hort-

coming of Equation (8) for crystals with strong bonding is that

the force constants of surface atoms were assumed identical to

those for bulk atomBo Even wlth this correction, the displace-

I I°m_nts within the chain approaches zero as _/_, which is very

rapid for short range potentials° For long range Coulombic

potentials, important in ionic cyrstals_ the extent of atom dis-

_,lacement is much dee_er into the lattice (14)o Hc_e_r, for

_tals it is expected that the displacements of surface atom_

would be large enough to be observed only for the flr_t atomlc

lsyero The difficult.yin d_t_rmlnlng the spacing of even the first

Aaymr of atoms is apparent from the conflicting reports of MacRam

and Germer (15) and Farasworta (16) utilizing low energy electron

diffraction experiments.

Some simple examples will help to clarify the origin of

surface stress and of the stress in layers inmmdia_ely beneath _he

surface: Figure h shows a linear chain in which the first and

second atoms of the chain have larger radii than the internal

atoms° Figure 5 shows this situation for a two di_:,sional

lattic_ in which the compression of the first two rows of surface

atoms is obvious° Figure 6 _ortrays the t,_c_fold origin of the
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Surface Bulk *

E ....... barger radii surface atoms

I

!
I I I
I I I
I I I

0 I ! _, ii , nl i ! r

-v,V&_N I I

' I
AEmNN -_ I

Figure h - The potential energies oe +.he surface sad bulk atoms are

shown for NN and nNN interactions _n a linear chain when

E - 0 at infinite separation of atoms. The excess internal

energy of the surface, Es_ is AENN + 2AEnN N plus the strain

energy (see pp< 38 ar.,d 39)<
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Lattice of

0 0 0 0 _ infinite
c_,stal

Lattice dis-

O O O due to

surfaces

----4 i_

• • ®

• t • •

Figure ._- Two dimensional lattice of a finite crystal showing

displacements of surface atoms due Co compression in

fi:_t two rows re3ulting in tension in deeper rows

assuming NN and n/_Ninteractions° The forces in the

first two layers are due to the missing interaction

potentia]j and increased repulsion modifications of

the force constants in the first two rows° Compare

this "_ithFigure 6d0
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Tension

D

i Compression

Figure 6 - Three effects on spacing of surface atoms in a section of a

finite two d/_enslonal crystsl assuming NN and nNN inter®

actlor (_ a) Far from crystal sides shoving location of cut

to make surface shown in b)i c) and d); b) Displacememts of

surface atoms due ro the effect of the _!sslng two-bo_ inter-

actAon potentials abov_ the surface; c) Displacements of b)

plus tho_e due to the effect of a modification of the two-

body interacti_l potential for surface atoms glving larger

a_rac_1ons in the surface_ d) Displacements of rows deeper

than the first two due to stresses in the first two rows_ In

b) and c) the deeper rovs were ass,rasedrigid°
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displacements of atoms in the In_ediate surface layers resulting in

. a net tension and of the displacements of deeper atoms caused by

movement of the surface layers, Simultaneous reference to Fi_ulres

_-6 will aid in the expl._nationpr,._sentedhere° For most latt;.ces

other than ionic, NN and nNN interactions are sufficient to

account for observable effects in atom spacing° For simplicity of

portrayal, therefore, the effe_ of .missing atoms above a surface

is aszumed to be "felt'_on.Ijby atoms in the first and second

laye.rSo Eowever, displacements of atoms in the first two layers

due to forces upon them will cause movement of atoms in lower

layers and this is portrayed iv _&ure 5 and Figure 6do The forces

on the first two l_yers are of two t,.-_,_.smentioned above° Firstly,

the effect cf missing interaction :-_otentialsabove a surface is to

cause displacements in only the z direction fnr a lattice in which

every atcm is a center of symmetry° Referring to Figure 6a, the

forces in the (xy) plane exerted on atom 1 by atoms 2 and _ cancel

each other so that removal of the NN atoms 2 and h and the nNN atom

3 can result in a force only in the (z) direction on atom Io

(This would not hold true, however, if each atom were not a center

of symmetry)° The result is a compressive force acting between

the su:.face layers and a rigid bulk as d_picted in Figure 6bo The

surface la_,ersar_ restrained by the bulk from expanding outwards

as far as they would like to go and this effect actually causes a

tension between atoms below the first two layers° The Gecond

effect on atoms in the immediate surface layers is the variation

of the interaction potentials Detween atoms in the surface from
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potentials in the bulko This may be due to exchange interactions

as a result of relaxation of broken surface bonds and results in

alteration of electron densities within bonds _n the surface layers

and con_:equent chan_es in force constants° This can obviously re-

sult in forces within _he (xy) plane as well as in the (z)

direction as portrayed for tensic_ in Figume 6c,, Displacements of

atoms in the first two layers due to the two effects mentioned are

restraine,.lby atoms in deeper !ayers_ Comelier a thin sheet two

atoms,thick having a larger atomic sp_ci,'.gin the (r/) plane than

iu the bulk_ If this ,._hee_ is a_tached epitaxially to a bulk

!a_tt!ce substrate having, bulk lattice atomic spacings, then the

_hi_*_ sheet will be in co=pression in the (_) plane and the first

few layers of the bulk will be in ten_iono This i_ the situation

sho_w in Figures 5 and 6d for the third and deeper le_-er_a It is

interesting to note that displacementb in the (_) plane will be

negligible because of 't_e restraining force of the b_lk for a semi-

infinite crystal or fo:;a large crystal face; and, measureable

atomic strainL_ in the (xy) plane aA-e not expected except for the

very smallest c1_/stalliteso This ha. been observed for Ni by

MacRae and Germer (15), The (z) direction spacing of the first

layer of (IIi) and (liD) planes was found tc be about 5% greater

than bulk spacings (15)o Fsumsworth (16) has indicated, however,

that these results may be in error and that surface layer spacing

may be identical to bulk layer spacing° In Ge, Si, and diamond

(17,18,19) the surfa:1 s1_rainis DAhomogeneous and co.slats of

vertical displacemer:_sof a fraction of the surface atcms which has
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been explained by Hanemau (2_0). Surface stresses can be increased

tremendously by such things as concentration gradients of impuri-

ties, point defects, and dlslocationsland by large curvatur_so

Tnerefo--e_although the stress in flat, perfect, atomically clean

metallic surfaces may be small_ the subject of o_.._'-_" -_.ress_._ is

imp.ortant o

From the above discussion it is obvious that a three dimen-

siona._,stress tensor is needed for surface atoms, Assuming

continuum linear el_icity theory and following the notation of

Sokolnikoff (21) we can write the stress vectors Tx, % and Tz

acting th_ x, y, s_,dz planes .Ata point in terms of componenta_

=it +J - +Mr
Tx xx '_ xz

=i_ +Jr +k_
T _x yy yz (9)

T _i r +J _ +kr
z zx zy zz

where t, J, an_. k are unit vectors along the axis and rij are the

components of the stress tensor° The situation is portrayed

graphically in Figare 7a_ Note that the stress vectors, Ti, have

units of force/area but that the relations in Equation (9) can

apply at a _oint_ Using tae Einctein summation conventiou

Equation (9) can be wri%_,en:

" (lo)

where q_ = i, J, k, Applying the equilibrium conditions the _tress
q;

tensor become_ 83cnmetric and _iJ = rJi reducing the n_.,nberof
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I xz .Tx

4 x _ y

/.,_-.....5-7-*y
x

a) Forc_ vec_or_ Ti acting on x, y, z pi_cq and broken into com-

ponents portraying the usual 3-D stress tensor Tij_

XX X

b) Two dimensional stress vectors, Ti, and tensor, _iJ _

Z

/', , /i
, i_" _Z _/_ -...,W-- ,

X

C) Rotation couple in Equation (12) which must _anlsh for

equilibrium (see Sokolnikoff, p: 5),
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independent components from nine to six° _%e planar two dimen,-

sionai stress vectcr_,acting on line elements can be written for

planes perpendic-alar to z:

-. ._T =i z + J T

x xx _f

: y yx yy

and is portrayed in Figure 7bo The surface stress tensor_ giJ' of

Herring (7,9) reduces to the above when the equilibrium conditions

are applied_ Because of _ossible misconceptions this will be

clarified. Herring considered that forces could tactin all three

dlrec_ions on line elements x and y in a surface perpendicular to

z. Thus, his stress tensor for the surface, giJ' allows i = x, y,

z end J = x, y, and the stresses on unit lime elements can be

written :

Tx = i gxx + j gxy

-_ �-@

Tz = i gzx + j gz¥

The components gz_ and gzF acting ou _ (_v) plane could

Just as well be inci_de_i in gxx and gyy resi_ct.!vely and, tMerefore,

would be redundant_ Also, if th_ --.omponentsof giJ are con_Jldered

as acting on a three dimensional body_ then gzx and gzy wou.ld have

to vanish in order to satisfy %he equi2ibrium conditions as

portrayed in Fi_e 7co Otherwise, a rotational couple wc,uld

J

I
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exlst which could accelerate the body_ The point of the above dis-

] cussion is that, to avoid confusion _n surfac_ strezs, it appears

best to utilize ordinary three d/me1_ional elasticity theory°

Foll_._ing the notation a_d argummnt of Herring (9) we can

briefly relate the stress tene;or, T to the surface tensicn, y:

We ehall now use the three dlmen6ic_al fo_a of the stress _ensor

and a_rlve st an expression similar to that given by Herring for

the relation between surface stres_ and tension. Consider _he

.tress vectors of Equation (9) applied to _Lsurface of a homo-

geneous body as a surface traction as ehown in Fi_are 8 for an

arbitrary direction° The surface stzess acts through some depth,

h, as shown in Figures 5 and 6; and, if an averse over h is taken,

homogeneous stress can be assumed: The _'urface traction is

counterbalanced by body fo:_ces, which extend to some depth, do An

equation of equilib__um is then:

._ . /z-h Z v qv dz =- /z'd E dz f13)o v _ o _ P_v q_ '

where _ are the three components of a unit vector t q, _ormal to

the x, y, and z faces_ and Pwv are the ccmpcnents of a bulk stress

tensor. The bulk and surface stress ten,ors are assume_ hq_mo-

geneouo throughout their respective depths and, therefore,

Equation (13) can be integrated to yieid:

Z _ h-- £ qv d (i_)

or

P_v

noting that the coefficients of q_ must vanish separately° Now we

I l I
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z

==_

_A_ Surface trection

d

,_Igure8 - Regic_ of a crystal near a free surface shaving a

surfac_ traction end the depths of surface stressp h,

and counterbalancing bo_ stresses _ _o
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can consider the changes in bulk and surface free energy due to the

application of an arbitrary strain° If the strain tensor is

1 for
denoted by u v , the strain energy is given by _ Zv Pvv uuv

the bulk stress per unit volume and we can write for any oclrtual

deformati on

Ah (i5)Ad Z u =---= -_ _ u
__" p_v Puv 1Jr 2 _,_ Uv _v

using Equation (lh). This is the strain energy due to homogeneous

vl rtual deformatl ons o

In order to conform with a three _mensional stress tansor,

, we can also define a three dimensional surface tension, _,. in units

of ergs/cc. With this definition the surface free energy is yAh

and the change iu surfa_.e free energy with strain is:

Z a(yAh) _A _h= Ah _ _ u + yh Z ------u + YA _ -- u
U_v -au u_v _,_, au Uv U,_ au _v _,v _u _v_v _v pv '_v

(16)

Now the changes in scalar and strain fi_ee energy with strain _i_a

equal and using Equations (15) and (16) we can write_

Ah _. T u = Ah Z _ u + yb Z aA + 7A _ _h

Uv _v _v
(17)

or, noting that the c¢_fficients of each u in the sum must vanish
_v

seomrately;

= 2 -_-_---+ _ aA _ ah (18)_v _u A _ + h _
_v _v pv

Equation (18) gives us a relation between the scalar three dimen-

sional surface tension, y, and the three dimensional stress tensor,
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z v_ Both of these quantities will vary with distance perpendicu-

: lar to the surface and both are excess quantities to a depth ho

In very small KCI crystals Walton (22) has shown that th,:

surface ener-cy_ y, can be more than one and one half tlme_ the

surface energy of a semi-inflnlte crystal using a lattice sums

technique, This is due to the fact that the. _on1_c d!sp!_cements

of many of the ions in v_l_ small crystals are quite large because

of their proximity to corners (see Figures 5 and 6)0 This provides

a very graphic ex_!e of the inter-relation between surface

energy and surface straln (and stress) as well as the importance of

a three dimensional picture of the surface°

Do Effects of_Adsorbed La_ers

The effects of adsorbed layers on solids and of solid

surfaces on two dimensional equations of state of the adsorbed

films have received much experimental and theoretical attention in

the last 30 years° Only recently, however, has there been direct

experimental evidence concerning adsorption of less than a mono-

layer on cleaa surfaces° From this evidence a true pictuz_ of

real surfaces is being developed° In this sectirm the Gibbs _ ad_

sor_tion equation is discussed and the stat,_ cf development of

adsorption, isotherm equations is reviewed. The effects of an

atomic model of a dynamically varying surface on adsorption are

also discussed°

Sorption in general includes both ab- a_d adsorption; the

former defines solution of foreign atoms within the bulk lattice

and the latter concerns those atoms limited to a layer on the

i_urface. It is important to realize "_b-.tmsny sorbed species are
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soluble in the substrate material and diffuse into it - the solu=

bility depending on chemical affinity, temperature, pressure,

entropy considerations_ etco (Cfo 23). The _implifiea picture of

uniform homogeneous adsorption is evidently far from reality in

most cases as exemplified by low energy electron diffraction

studies showing adsor_ticu of oxygen on alternating rows of surface

nickel atoms and consequent rsdsing of rows of mstal atoms (2h) and2

by field electron emission studies of inert gases adsorbed on re=

fractory metals which show nucleated clusters of adsorbed atoms on

high index crystal faces of the emitter tips (25,26)_

The universal decrease of surface tension of a pure solid

(or liqtLid)phase due to adsorption of foreigr gas atoms on the

surface is exemplified by the Gibbs adsorption equation (I,2T)_

_ Yo = Y_) = kT I p r(p) d _n p (i9)

where 70 is the surface tension of the atomically clean soli_ and

is the surface tension after adsorption and equilibratiou of gas

at pressuA-_,po r(p) is sub-faceconcentration expressed as number

of alsorbed molecules per unit area, N/Ao r(p) may also be ex-

1 e

' pressed by r(e) " --o_ "--o(28) where _ is the area per molecule ato

fr_ctional surface coverage, e, and .% is the limiting area per

molecule at complete monolayer coverage° For E_uation (19) to

apply to a system the follc_ing must be tr_e or assumed:

I) equilibrium between adsorbed molecules mad gas molecules

2) constant temperature

3) the chemical potentials of the gas end adsorbed
molecules are equal

I_) the gas is ideal so that _(&as) - u(adsorbed molecules) -
RTd An p
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It is questioneb!e that all of thess constraints can be satisfied

in many adso_ption experiments° Assuming that they can be, how-

ever, the adsorption isotherm obtained experimentally and relating

the surface coverage, e, to pressure, p, can be integre.t_d

graphically to obtain values for _ at various pressures° Olivier

and Ross (28) have done thls for argon adsorption on carbon black

at 90_l°K and compared the result wi_h those obtained using iso-

therm equations such as the Langmulr and Volmer equations. The

' important th_ng to note here is that the Gibbs equation provides a

good test for various theoretical isotherm equations since_ if the

listed assumptions hold_ the Gibbs e_uation can be evaluated

accurately by graphical analysis ar_ t:_a compared with the results

- obtmlned using theoretical _othermso As an example, substitution

of the Brunauer, Emmettp _ _ler (29) isotherm into the Gibbs

equation gives an irfinl _alue for _ at the saturated gas

pressure as discussed by HiA1 -_ f._ status of development of

isotherm equations leaves much _o bu desired in thPir applica_

bility to the Gibbs adsorption equation_

The generalized Gibbs equation (1)

d_ = _SsdT _ _ ri dui (20)

is applicable to any interface between phases at equilibrium and

must, therefore, be applicable to .Ion=ideal gases, to both

physical and chemical adsorption and to all possible interfaces

between condensed phases and between a condensed and gaseous phase°

In the case of strcng chemisorption on clean metal surfaces it

would s_em _Ifficult to obtain p-e adsorption isotherms at
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coverages of less than a monol_Ter since a].mo_t every atom

striking the clean surface would be expected to stick° However,

both adsorption and desorption of gas atoms is thought to involve

a multiple phonon interaction zo that, even at fairly low tempera-

tures, de_.crptionof strongly bound atoms is possible as suggested

the effects of less than a monolayer of chemisorbed molecules on
J

the surface tension of initially clean surfaces in order to

evaluate the Gibbs adsorption equation.

The general process of adsorption has been described by

Ehrlich (25) and by HitCh and Pound (30) and is summarized briefly

here. The attraction of an incoming molecule by a surface depends

on the potential energy _-eli at the surface and on the polariza-

bilities of both the surface and inc_aing atom. The _.rection and

speed (temperature) of the incomln_ _I..,.I_ .._+ -

_robability such that, for a perfectly flat surface_ molecules of

certain energies and angles of incidence may be specularly re-

flected or adsorbed. The energy of the incident molecule must be

, dissipated by the lattice_ otherwise, elasti,-reflection will

occur. The molecule may or may not be dissor.,iatedat some stage in

the adsorption process:, The energy is dissipated by moleculsu_ _is-

sociation and production of a single or multiple phonons depending

on the gas molecules' energy and on the phonon energies available

in the lattice. Aft_r an atom is adsorbed, it may remain in m_

excited vibrational state within its potential -_el! and continue

to dissipate phonons until equilibrated thermally with the lattice

or it may diffuse, which is the more likely possibility if the
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potential energy well is not too deep° If adsorptloa occurs

initially on a flat surface, subsequent surface dlffusior, to more

stable corner or ledge sites will increase the probability of the

atom's sticking° Otherwise, re-evaporation may occtu'a',mto inter-

action with one or more lattice phonons before a more stable site

is reached° The ste.bility and_ heace, heat of adsorption of an

atom on a surface depends on both vertical (gas atom _ surface)

interactions and on horizontal. (gas atom- gas atom) interactions°

Because of the horizontal interactions and the higaer stability on

rough surfaces, nucleation and growth processes of clusters of

adsorbed atoms are important, Moazed _d Pound (31) and Duell

and Moss (32) have observed the nucleation and growth of silver

crys_allites on tungsten field emitter tips and noted preferential

growth on high index (ro_Agh)lattice planes° The fact that thin

films deposited from the vapo_ onto low temperature subs_rates

' have very high surface areas (33) may be explained for pol_-

crystalline substrates on the b,_sis of the nucleation and growth

of verj small crystallites and their inability to coales¢_ due to

low surface diffusion at low _em_eratures (see Swaine and Plumb

(3h)o The _bove description is important in the understanding of

the _hin silver films produced in this stud_ for the determination

of surface tension°

Since the surface tension is decreased by adsorbed layers,

it is important to know the status of the iuitial surface such as

its temperature, ratio of ledge to flat surface sites, surface

defect concentration, state of strain, etco in order to _sess the

amount of decrease in surface energy for each effect° Thli_has
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r.otbeen done for ato_m adsorbed on silver and o_ly a wry rough

+ estimate c_n be obtained+ Allen (35) h-q reported an appro+xlmate

heat of sdsor_tion of oxygen on silver of 10o5 kcal per gram_atom

" showing that silver is a relati'lelyinert metal since this adsorp_.

tion energy is close to the range ,'sually designated for physical

adsorption (less than i0 kcal _er gram®atom)o This is larger than

the heat of fox.nationof Ag20 (6°7 kca!/gm atom) _nd, thus, follows

the general observation that heats of adsorption are la_'gerthan

heats of formation of the compound (36)° This is evidently due to

the fact that the surface is in a highly reactive sta_e such that

its energy can be _-educedmore than the bulk.by chemical reaction.

The existence of elec_rically charged surface la_ers should

be mentioned since the dipole or double la_-r of a clean surface is

modified by adsorbed layers° The existence of surface dipoles on

clean surfaces is due to two effects as explaAned by Herring (37)+

In the first place, the electron density may tend I;o"spill out_

into th_ surrounding vacuum and secondly, the electrons in a

surface may tend to fill in the valleys between surface ions th'As

leaving protruding positive ions with negative valleys between

, them (with _spect to the bulk lattice)_ In the adsorptioz_ol_ an

a+cm on the surface_ disl)eralon forces are _lways active an_ +_end

to redistribute the electronic charge, even for inert atoms, _us to

the _allmann-Feynman theorem (38,39)0 Very large changes in work

function have been observe_ (see Ehrlich (25)) for adsorption of

inert gases on tungsten thus indicating substantial changes in

electron density distribution which has normally been unexpected

for physical a_isorptiono In chemical adsorption, on the other
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baud 9 it has long been known that the electron density tends to con-

centrate in the adsorbed stom or in the surface thus forming d_-

poles with the negativc or positive side, respectively, outward

(4o),

Eo _Irreversible Processes au_.Equilibr!_um of Surfaces

An interS'aceregion between two homogeneous bulk phases

constitutes an inhomogeneous layer even when complete e_uilibrium

exists_ When _ non-equilibriu_ stat_s exists, as _._commonplace in

surface studies, irreversible flows must occur to attain equilibri-

um_ In this section th_ status of _,_faces at equilibrium is con-

sidered as well as the flows involved in irreversible processes°

A typical example of a non-equilibrium situation is the ease of an

e _rbed surface layer° Irreversible diff_sicn of the adsorbe_

atoms into the substrate can take place if the temperature is

sufficiently high° _is i_ward diffusion will continue until

equilibri_n is attained; io_o u_til the bulk concentration is

homogeneous and until the system energy is at a _inimum with re=

spect to any virtual change of system variables betw_en the

surface and bulk state_ at _.onstanttemperature° The important

variables to be consid.eredhere tirethe gradients of the intensive

quantities such as concentration, stress, temperature, electro-

chemical poSentla_., and the densities of energy and entropy°

It is important to realize that all of the above gradients

except that of temperature may exist at complete thermal equi-

librium between surface and bulk phases° Cahn and Hill_ ard (41)

and Hart {_2) have analysed the thermodynamics of inhomogeneoue

system_ emphasizing surface cons%deratio_so The conditions for
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: e_uilibri_un obtained by Hert show ho_rthe chemical potent:_lil,

concentrations_ first _d second derivatives of concen*,r_tic_ and

the pressure depend on _,_.chother and how they vary with positio_

in a system havin_ stipulated boundary conditions° Their analysi_

can include all possible internal and experimental variables for

f!,_ds or "fully e%,Ai!ibrated" so!i._ with no applied eleotro-

magnetLc fieldso They considered the sit'_tion, therefore, when

the stress tensor reduced to hyd=-ost_tlc pressure at equilibrium

and.did not include electroms4_etic potentials, it would be

interesting to extend their argtm_entsfor anisotropic solids at

te_eratures where diffusion could not relieve the nc_,-l_ydrostatic

stresses in reasonable lengths of time and to Anclude the effect_

of electric and magnetic flelds_

If • state of _uasi-equilibrium for soli_ and v_scous

fluids can be deflne_ for tempers tures _here archaic_.fft_ion is

negligible, then tb_ syste_ variables other than c_entratic_ s-d

concentration de_Avatives can attain eq_iltbri_ _ith res_ect to

each other and t/he boundary conditions (loeo te_perature_ total

_asses, and stoats of str_in)o In this case, the equiAibri_

thermo_namics cf tnhon_geneous systems can be appl_d keeping in

min_ that irreversible flows of matter will occur if the t_mpera-

ture is r&Ised sufficiently high°

The scope of irreversible thermodynamics concentrates on

flow_ or currents due to forces or affinities and _heir inter-

dependence and, therefore, the condlti_ns at a point within the

eymt'am can be desc-ibed by the stea_ state or ti_ dependent

formA'is_ depending on the bo_d_._ conditionc. As an example,
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the irrever_.bZe mezhan_m_, operative in the condensation of a thin

: film frcm the v%_or _,nre a surface containing p!ana_'_ ledge_ and

corner sltes f_ee the proceeding sectlcn) .ould inclt_de ne_ a%omlc

fluxes toward ledge _and uoraer _ites because of thei: greatr-

stabilz_y, heat flc_; away from the surface_ cur._;nt flo_r if i_s

are deposi,_=d, and the estabiz3hment o_ charge _d stress gradients

due to the concentration gradient set up by $he dcposlted layero

_ -'-_......._-- c_tcbl_s_-.q such thatTf th_r_a] eqc! !!b.v'!umi_ .... _= ....# __
z

eva_)ora%ion and. condensatz_, rates are equal and. no ne'_ flows exist
i

between su2face_ bulk; and gas phases_ then equilibrium thermo_

_ynam-,cs (thermostatics) can be applied eve_ though [.'_extremely

• h_gh concentration., gradient may exist betveen the adsorbed layer

and substr_te =

Utillzing the arguments :,firreversible thermod_/aamics

(h3_h) we ._az show how t_.e forces and fluxes _u s_rfoces _re re-

lated and, if the fluxes vani_'h, how gradients may r_ma._n a/_d

balance each other a comprehensive analysis of irreverslble

processes includiag both chemical and _lect:ic potemtials has been

81yen by deGzoot and Tolh._k (hb) Since +.heir arguments or,

_ aFplicWole to su_'f_ces and to sol._ds we can utilize their results

_:ndextea._ _hem to describe surface phenomena...

In _b-.gezeral ca_e_ they treated a system in which _he

-_rrevers_ble prcce_ses ez d_.ffus_on, elect.tic conduction_ heat

¢ondt'c_ion and _ number of chemical reactions _.ould take place_

An .-iectrochea1._a_ipotent.ial_ u. _ is consiaered to be the sun of a
F _

chemical, Uk_ _nd electric, ek ¢, p_r% for the kth component:

l

' 'I I" ' N
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Uk _ Uk + ek @ (21)

The external force, F_k, actlng on the kth component consists of an

+ ?kelectric force, -ek grad ¢ = -ek E, and a non-electrlcal part, :

@

_k " Fk _ ek grad ¢ (22)

The phenomenological equat:on6 obtained relate fluxes of matter s

-_ ._ 7(
J. ; en.rgy, J ; and chemical reac_ions_ ._, to the appropriate

forces ;

J'_ = k? Lik Fk - T grad r , _ T (23)

.%

_ _ _ grad TJ - _ L k Fk- T grad (-) ( - L (2_)

_c Lc
uj = -Zm Jm k_KZ vKm (25)

In the above equations, the L's sx-e the phenommnological co-

efficients which follow the appropriate Omsager relatic_us and _km

are the stoi_hiometric coefficients° Equati_ (23) relates

diffusion to electrochemical po_entiai and temperature gradients
-p

and to other externally applied forces, _ Equation (2-) inciudej

the flow of both thermal and electrical energy while Equation (25),

which is a scal_r equation and does not couple with F4uations (_'3)

a_d (2h), describes the dependence of chemical reac_i_s c_ each

other. Noto that all subscri_ta in the above equations refer to

cnemlcal co.Tpont, uts o

_quations (23)-(25) are use1_Ai for both dynamic situations,
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when flows and forces exist_ and static si_aatlons_ when one or

more flows or forces ma_v v_mlsh_ T--. _ We consider t_e static case

$;hen there are nc flows and no thermal gra_ie- _s %r external

forces, the situatlon is quite simple and the phenomenologica!

equations req,llre that the gradients of e!ectroJhem!cal potential

mus_ vanish _

%

grad _ _ Z grad (u k + e k ¢) = 0 (26)k k

Lu u_z" to include t.heeffects of energy,, volume ana

entropy g_-adients which exist Xn interfaces_ the chemical potential

can be writ.ten as_

U = u + pv - T (27)s

for a single component_ In Equatloz (27), u, v_ ,'ads are i=-

tensive quantlti_s and actually ccmslst of sums of homogeneous

U
bulk quantities and surface excess quantities such as u - -- + E on s

In an interface reglon_ only the surfac_ excess quantities

hav_ gradients and gradients of the homogeneous bulk portions of

vanish by definitlon_ Thus_ ass_ming that gradients _f external

Fvessu_e_ p, and temperature T_ vanish, we can wrlte_

grad u z grad u + p grad v - T grad s (28)

= grad (nU+ Es j + p grad _n ) " T grad _ • Ss)

_ = grad E + p grad V - T grad Ss s

= grad y (by Equation 3)

The excess interna_ e_ergy, Es, in an interface regioa can consist

1

of a strain energy portion, _ _,vE_v uuv, if strains exist, and of
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potential energy excesses not due to strain, E , as portr__yed in
s

Figure ho The gradient of surface internal energy then becomes:

; I

grad E = grad E + " grau 2 _ u (29)

Combining Eq_mtions (26), (28)_ and (.29) for a one component

system we obtain:

1
grad E + grad Z _. u + p grad v _ T grad s = - e _rad ¢(_S)

With no exteraal 2ressure_ such as a surface-vacuum interface s %h_

p grad v term vanishes smd_ if we assume_ a flat surface with no

gradients parallel to the surface, then

!

dE

s Id ( Z T u ) .T _ d% (31_

The important aspect of Equation (31) is that it shows the

interaction of gradients of surface quantities which can exist at

equilibrium, i_e: when fiuxes_ entropy flows, temperature gradients 9

etc _, vanish_

i_ne ms4_itude of the va;i_ti_n c._ interucl energy_ E , strains

energy_ entropy, and eiectrlc potestill with d/st_nc@ beneath the

surface depends o_ the ma%e._ialo An _lectric potential gradie.,t

can exist i_, a spr.ce charge region when the electrochemical po-

tential is separable into its electrical and chemical portions as

shown by de Groot and Tolhoek (hS)_ Insulators and semiconductors

exhibit space charge regions whereas metals do not° In adsorbed

layers or oxides on metals, however, space charse regious may

exist and have high electric potential gradients:

What we have a.tt_mpted _o show in the above analysis is that

i I ' " r
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standard irreversible thermodynamics can be applied to flu-_s and

forces in solid interfaces_ When one or more fluxes or forces

vanish, Equations (23), (24), and (25) are still applicable and

for the static case, the interesting :relation,Equation (30)

provides a graphic picture of the gradients which ma_- remain°

! I
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[IIo OTHE.qEXPERIMENTAL TECHNIQUES

At the present time about 14 different technlq',eshave been pro-

posed for measuring surface tensions of solids° Theze methods are listed

in Table i together _'ith the respective references° Experimental _nesults

hs.vebeen reported fo1"ben of these and aye also included In the table.

Since Inman and Tip]er (_6) ha_e revleved the more _mportant of these

techniques and listed the experimental resu!t_ for most metals and alloys_

only a very brief descriptio_ and critique of each method will be

presented here° In addition, some data for nc_-metallic elements and

compounds is presented_

Probably the most widely used technique for obtaining the surface

tension of solid metals involves a measurement of the force in _hin foils

and vires _ending to reduce the surface area+ In effect, the high surface

area sample is exposed to a temperature above 0°'{5 Tm (melti_ point

temperature) _t which sufficient thermal energy is a_ilable to allow

creep and the resulting surface area reduction to take.place at an

observable rat_ In the experimental proced_ure, a co_terbalancing

mechanical load which is utilized to prevent surface area reduction, i_eo

zero creep rate, is related to the surface tension_ _abarro (_7) and

Eerring (_8) have explained the cree_ mechanism in terms of diffusion

fluxes, surface and grain boundary tensions, and applied loado

In 1909 Chapman and Porter (49) reported the first creep experi-

meuts on thin foi.l_s which was followed by surface tension measurements on

thin foils by Saws/ and Nishida (50) and Tammann end Boehme (51)° Con_

temporary investigators (52-60) have improved the technique and used

small diameter wires as well as th*n foils°

Since th_ cree_ rate in this type of experiment is a diff_Asion
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TABLE 1 - SURFACE TENSIONS

Method i) - Creep of _in Wires or Fciis
I --I

Material SurfaceTensiO" 'Te_o
LPI__e_. ,, in erl./c=2 oK............ Atmo.0..... ,, _, ,,
Oa (avg) 1650 1357 Vac ° 5::

Cu (avg) 1770 1123 He 57

Cu (avg) 1740 1323 H or .+e 58

A_ (avg) ZZ30 1234 He 53

Ag (avE) _00 1123 _ir 59
l

Au (&vg) 1350 1336 He 5h

Au (avg) 1650 1336 ? 51

Ni (avg) 1725 i725 A 55

6-Fe (avg) 191h i'(80 A h6

Sn (av_) 685 I,88 vac° 60

(avzl...... 2100 ....... _523 Vac, 56
Method 2) - Cleav=,,_

l II --" - , r=

Za(0001) lO5 77 Lifo I__ 69

Za(O001) 90 77 Liq. N2 7_

Zn(O001) 87 R+T. Air _'_

Oraph_to (bual) 1750 RoT. UHV 73

Fe-3_;Si(ZO0) 1360 2_ Lifo_2 6._
si (111) !2_o 77 LIR.N2 69

z.-ol_ca(oooz) 1ooo 77 Liq.o ]12 69
KCI (I00) !10 RoT. Air 66

Mg 0 (IOO) 1150 R=To Air 67

Sg 0 (100) i_O 77 Liq, N2 69

LiF (i00) 3_0 77 Li%. N2 69

Ca F2 (i11) hSO 77 Li_+ N2 69

ks F2 (ii]) _80 77 Lifo N2 69

Ca CO3 (I010) 230 77 Li_Lo N2 69

Mica (001) 310 RoTo Air 70

Mica (001) 375 RoTo Air 65

Mica (001) hSOC R°T. Va_+ 65

Mica (o01) 10250 Ro+.ro u_v 72

(Continued)
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TABLE 1 (Continued)

n=, -- - ii n I I ,,m,

(Method 2) - Cleavage (Contin1_ed)
n J i u _ I r mamumM_ i I u I

1:erlal Surface Tension Tempo

t Plane)..... in ergs/cm2 OK Atmo_, Ref.I ill i i In

Muscovit_ (001) 1100-1200 R,T. Dry Air 71

Phlogopite (001) 2000-3000 RoTo Dr),Alr 71

Polystyrene 7.13 x 105 R.To Air 75

Poly (methyl

methacr_lat,e,,),,, 1,40 x 105 r_ R" T- _r i i 75

Method 3) - Heats of Solution
I ,a --- _ • __ I I i i i l,i I

Ni (avg) 3700 R.T. Soln. 81

Co (avg) 3580 RoT. Soln, 81

Mg 0 (avg) 1090 RoTo Soln. 79

NaCI (avg) 276 R.T. Solno 80

Ca 0 (avg) 1310 R°To Solno 80

Ca(OH)2 (av_:) 1180 R.T° Soln. 80

Siloxane , _59 R,T, Soln, 80

Siianol 129 R_T. Soln. 80

KCI _avE) 2_2 R,T, Solm.;_. 80 _.__•,_mmmem 1 | I •

Method h) - LiqILid-Solld Interface
mmlnln% r I 7 _ 7 I _ p IJ --

N_ (ii0) 220 361 Melt _:_

'.A(II0) 430 459 NE,_It 85

Cv (iii) 1417 1356 Melt 85

Ag (nz) 1o56 1234 _zt 85

A,_ (111) 1257 1336 Melt 85

Pt (111) 2060 2047 Melt 8.5

Nkthod 5) - He_t of Immermlon

Gr_phlte (basal) 119 R°To Air 86

= Te,f,Z_z, Ib,a______) 56-6___ .... .. RoT. ,, Air .... 86 ,

Method 6) - Field Emission
• , I I i n ! i i i H i n--__ ' ' ' in i i _i _

w (av_)I _,o _ 2000 .. troy 8_

(Continue.d)
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TABLE 1 (Continued)

I I , I , I __ - III III 'III I,m

Method 7) - Helium Bubbles

IPlane) _.in, ergs/cm 2 .. , OK A%m_.ISo .,,. Ref,

lavg. , 1ooo 973 He i 88illt .... In

Method 8) - Wedge Grooving
! n I ...... I III J • - 7 " I II

_VI_) I l_O I I_ D_m_ I_ II i _I_

Method 9) - Dihedral Angles. k_own 7(liq,, )
-- I I II i II I I _ I I I I i, ..... I I

cu (av_) 18oo_ lo2_ , ,H,or A 9_ _
_thod i0) - Chemical Potential of Pazticles in Solution

It t t t I t t

Ag (avg) , 5500 ..... ,RI.T,f....... Iordc ,Iolp,. 02

controlled process, surface teDsion _asure_nts can be made _nly in a

temperature range vhere the Nabarro-Herrlng stes_ irate creep Ichanism

can be observed within the time limits of the experiment and for the

small mechanic_A loads required. Allen (59) was able to make measure-

meritswith silver at temperatures ss low as 6500C _h/ch Ls 0°75 T,

which _l_pearsto be the lover limit for mout metals°

The atmosphere was fouvd tO a_fect the results drastically sad

most experimenters utilized inert gases in heating chambers :abe of the

same material as the sample. Allen (59) obtained a surface tensio_ of

_00 erge/cm2 for silver in air at 950°C and Funk et al (53) obtained

Ii_0 ergs/c: 2 for the same material at the same _emperature in a helium

atmospheres Experiments iv v_cuum at pressures belov 3 x 10".5Ton' have

not been reported. For many me_sla the high evaporation rate in vacuum

in the temperature range aec_laary for the experiment precludes Cbe use

of high vacuum an_. therefore, limitr the use of the technicAue to

surface tension measurements in inert gas ataos_eres.
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The relatio_ of the surface tension _ata obtaine_ from the t_icaA

creep exper_ ,_..... ch the sample-_.tmosphere interface may _ an_

number o? _. ol. o- ,:_ .bed _ases (cf. Effects of Adsorbed Ls_ere

section' t_ _._+_ oi _he true vacuum-solid interface is most difficult to

aecert_An. _ umber of experiments (cf. 61,62) hav_ indicated that the

eliminatio:_ _:"adsorbed surface leqers of ch_wisoroed gases by sidle

high tempe:'__,u_eevaporatio_ in vacuum or inert ga_ a_zos_heres is al-

mos_ i_posslble. For that matter, difficulties are encountered in ob-

_ainint_ a cle_ s_rface even when the most careful i_: bombardment

cleaning techniques are utilized as pointed out by Farnsvorth et al (62)

who studied the surface is_er directl_ with los-energy electron

_Affrac_,ion. Therefore, it is ap_a.-entthat the creep tT_e experiment,

as well as most other surface tension techniques which are used in

practl _e _nda_, i_volve some form of impure s_face _hlch holds little

rese_Is_Ace to the true7 clean surface.

The second method of s_face tension determi_atio_ involves the

measurement of the strsdn energy required to extend a cleavage crack on a

particular l_ttlce pl_r_. This follows the Oriffith (6_) criterion for

crack initiation and is based on a balance of strain energy and surface

energy. The classical experimen_s on mica _ Obreimoff (6h) end by Oro_an

(65) have been improv_d upon and the method utilized for metal_ and for

organic and inorganic co_po_d crystals by a nu_er of more recent

worker,, (66-75).

The well known difficulties encountered In d_ter_nlng a tr_e

surface tension fro_ cleavage experiments include the possible plastic

energy of deformation and eleava@_ _tep energies. A._o, if wacaac_ con-

centration _n a surface at thermal equilibrium diffem from that o_ _._e



_Q

,J

! bulk, the surface tension aud surface stress wo'/kd not be equilibrium

values for cleavage experiments. Afte._r cleavage occurs, thermal 7e-

arrangement of surface atoms may occur in order to attain the equilibri-

um s_face vacancy concentration and surface atom displacement. Cleavage

e r_eriments do not, therefore, measure th_ energy of a surface but

s_ur_ the energy required to bres£ _he bulk iattic_ Uonds. 'll_e ms._ni-

rude of this effect is difficult to ascerta/n until more is known about

surface i_oint defect concentrat_ u_s and surface atom displacements.

The effect of gaseo'Asenvironment on crack propagation has been

discussed by Snowden (76) and Westwood (77)_ Gilman (69), who performed

his cleavage experiments in l_quid nitrogen, st&_ed tAlatthe tip of the

cleavage cl-ack was probably so sharp that liquid nitrogen molecules

could not get very close _o the t_,p_ However, the effect of adsorbed

l_ers on opening up cracks and increasing crack tip radii has been re-

ported by Wcstwocdo A very large effect of the a_mosphere on cleavs_je

energies was observed by D_>ant e_ al (72,73) who reported s value of

10,250 ergs/cm 2 for mica in an ultra-nigh vacuum of 1C=13 Torr and 390

ergs/2 in r_tro It is obvious, therefore, that the environment in

cleavage e x_l_ri=ents has a very pronounced effect on _he resu!tso While

the effect i_l, mica is a special case involving surface charge layers_

it is_ nonetheless, expected t_at cle, avage energies for metals in an

ultra-hish vacuum environment would be higher than those reported for

other environments.

Another technique for the determin_ion of s_rface ten_ions in-

volves the difference in heat of solution between a material of fine

p_rtlcle size and in bulM form° Lipsett et a_ (78) wer_ the first to

report data utilizing _his te,_._ti%us° In their experiments on _aCl, the
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_T.

surface area of the powder vas muured micrcecopical_7. More re_ntiy

Jura and Garland (79) _ud others (_0,8i) have utillzed the heat of

solution technique but have applied more sophist'.cared methods f,'_c

surface area determination of the powder by _ monoisyer _dsorptton tecta- w

niqu_ such as the Brunauer, E_ett, Teller (_ET) (29) s_d He_kins, Jura

(82) techniques, Many aspects of the heat of solution method of

measuring surface tensio_ are similar to the method _weloped in %hls

le_oratory.

It is interesting to compare the results of the heat of solution

_, technique with those of others.

i_ er_/_ in .rp/c= 2
from heats of _olu_ion , Ref. _ other .techi_ques ,, _f;_

M_O 1090 (Tg_ 11_0 cleavage (67)

1200 c le&ve4Le (69 )

1200-1300 c:_avage.-T_V (68)

Kcl 252 (_) no clea,'ss, (66)

Ni 3700 %81) 2600 wire creep (55)

//
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well with values obtained from other techniques of determinin6 surface

area_ This technique of surface tension m_asurement could be adapt6._.to

u!trs_hlgh vacuun since the initial pcwders Lre vacuum _gassed "oefore

,It_sol_Ationo T_e quant.4tythat is actually determined is r.hesolid_

vacuum s_:rfacet_.nsion_not the solid-llquid tension as reported by 7-nnu_n

an_ Tipler (_)_

An interesting techniq,as first used by Mmissner (83) utilizes the

difference between the melting pclnt of a flat solid and one vlth a

_harp radius of curvature° This dAfference in melting point is pro-

portional to the so!_d-il_u_d interfaclal energy° Assuming the Dupre

e_uatlcn (Ys , 7£ + YAs) and known values of the surface tens$ons of

I/_uldm such as those given by White _), the surface tension of the

solid, ;s' is Just the sum of _he surface tensi_ of the liquid, YA' and

the interracial tension, 7Aso This approach has been expanded by

_'Ea_s'_i(85)o A_ain in this technique, as ir-the method of creep, c_e is

llmited tu te_l_eratures very close to the melting point° _ results are

listed here for the noble metals _Ltthe melting point and are remarkablj"

close to values obtained from thin wire creep experimentSo

y in ergs/czn 2 y in er_ / c_

by the &Tm technique Refo by the creep tec/mique Refo

cu lb,17 160

ku 1267 (85) 1350 (5_)

In this techulque_ the values of the surfsce t_n_lon cf the liquid would

_e affected considerably by the surrounding atmosphere and would be

hi_er in ultra-high vacut_, thereby giving higher vaJ.uesfor the solid

surface tension°

Another interesting technique _as developed by (_ood. et al (,86)an_
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makes use of the increasingly available heats of i_rsion of so!Idso

_e technique is ad_ptabie to various temperatures end to vacuum u i_ the

heat-of solutlan techni_ue_ The results of Good, et _ (_) for graphite

are about a factor of ten I_ as shorn by Brysnt. et al (73) due to un-

clean murfaceSo -_e ener_ of the surface_ es_ is calculated fr_ the

eq_ti on •
r5

where ely is the surface energy of the vetting li_id and hi(aL ) is the

heet of immersion. The quantity _ is given by the expreaalon:

¢ m Tar + 7iv © _sL..... : (33)
2 7sv 7Lv

and is often close to or e_ual to O_eo

The pul_ed field electron emission techniqum of'Barbour_ st al (87)

was the first to ensure a_ atomically clean surface° Field e_Atter tips

are heateS to a temperature at _hlch atcus can migrate frca the tip to

the shank to reduce surface area and this tendency i8 reduced to zero by

applying a known DC elect_'c field. Surface tension is &sa_Amed pro_

portic_al to the square of the applied field° An md_itional field is re-

quired for observation of the emitter tip cn the f!ourescent screen and

was applied in pulses to eliminate the effect of the second field c_

atomic migration_ One objection to this te,-hnique would be the stra/n in

_he surface region of the emitter tip caused by the applied field which

m_ght affect the va_.usof surface tension obtained° Howe_er_. thi_ could

probably be accounted .foras shown in the section on Theory°
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A very interesting techniqu_ deve!op_d =_centi_ by Barnes and

collaborators (88) involves equatin6 the force of surface tension acting

in the walls of a cavity in a solid to the force exerted by gas press_u'e

it,the cavity at equillbriu_o Barnes. et al did this by injecting helium

ato:_ into beryllium via _-partic!e bombardment in a cyclotron or fa_,',

neutron bombardment in an atomic pile _ubsequentiy, sasples vere

annealed such _hat the supersaturation of vacancies formed during _he

bombardment could a_lo_era_e to [orm cal..fleein which the helium gas

collected° If hellu_ adsorpticm on a clean surface is assumed not to

affect the sur£ace tension s_,gnlficantly0 this method would appear to be

quite useful for te=peratures below the :elting point and for materials

not amenable to other techniq_So

It vould be p_ssible to measure surface tenslons in _ solid_

quAte sixply _rltnout utilizing hoabar_ent techniques by determining the

gas pressure in equilibrated cavities _%thin the crystal. Aaelincy_,

et al (89) determined pressures inside crystal cavitie_ by observin_ the

bubble size of the gas released during etching of the salpleo They were

also able to analyse the gas vith a aass spectr_ter_ If the cavity

size and gas pressure a_ analysis c_ald be determined, thcn the solid

_ur_ace tension under a known atmosphere coul_ be measured°

Other techniques for the deterainatlon of surface tensions of

solids include _easurements of surfac_ stresses in ultra-high vacuu_ by

bendAng very thin plates and comparing the bending stresses required to

those knov_ for _hicMer plates as suggested by Haneaan (90). Frazer (91)

proposed a technique involving the measureaent of curvatures of surface

steps beteeen precipitated particles° _ozwl (92.)has recently reported

a very high value for the surface tezsion of silver (5500 ergs/_)
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obtained from _e_urements of the chenLtcal potential of silver in an

ionic _olution containing very small crystals of silver of known radii °

The varlatio_ of chemical potential with radius is well known (9) and

suggests another technique which has not, as yet, been u_illzed for

surface tens!on doterminations_ that is, the equlllbrlum v_por pressure,

which de_end_ on chemical potential and, hence, on czyatai radius, could

be _asure_ aa a function of particle slze iu an ultra-high '_acUUmo

Using the Herring (9) equa_ians_ surface teneiu_s could then be obtained.

Another technique utillze6 recently by Shewmon (93) involves measuring

the ar4_leof & 6roo_e ma_e in a flat surface by a were. B&il_ and

Watkins (9_) used very good ek_perlmeutsA t_chnlque$ in cbtalnlng the

surface tension of copper via the Dupr_ equation by _asuring dihedral

angles on single crystals 0 liqv/d-solid interface angle, and usin_ the

k_own surface tension of liquid ¢oppero

D_e to the ever increasing profusion of ideas concerning surfaces

and techntq_es for measuring surface tensions, the very r_asc_able

question might be raised as _o why _vel_p another approach to surface

energy deteruination? The answer can be found in the ob_ections ralee_

to the techniques described a_ove and in the fact that none of the tech-

niques form a direct approach to _e problem_ and as such, rely on

_econda_.rmechanisms which in themselves are suspect° I_ sdditi_, the

applicability of many of the methods //s_d is li_Ite_ to certain

n_teria_.s. None of the techniques reported iu 'the literature thus far s

except for the field emission msthod_ has u_lli_ed ultra-hi_h vacuum;

and, hence, the true solid mstal_vacuum interface has not as yet been

studied° And until field emissi_ is adapted to low meltin6 point

m_terials_ only _uch materialz as tungsten can be studied by this method.
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It is true that the c!eava_e r_thod could be adapted to ultra_high

vacuum; however_ the othel" ob,_e_tions which were raised above still leave

this approach in questiOno The so!id_liquld interface and heat of

immersion techulqu_ bo_h depenc on available data for the surface

tensions of !lquids which are a/so not yet available in ultra=high

vacuum environ_nto Measuring the gas preosure inside cavities in

crystals obviousl_ will not yield value_ for the so!id_vacuum interface.

Of the important techni_uas de¢_loped_ to this ti_ 0 t_e heat of

solution technique seems m_st adaptable even though this has not as yet

beer, u_,illz_din ultra=high vacuum° In view of the large discrepancies

in the surface tensioJl data shown in Table i, cQe may assume ,_Ith_rthat

the methods for the determination of the suzface tension or the oxperi-

• e_tal procedure or both are at faulto Most of the techniques utilized

for solids are subject to large experimental errors and have taken many

years to develop_ The adaptation of these techni_ue_ to an ultra-high

vacuum envirc_ent would involve a great deal of effort and complex

equipment° The need for a direct approach to the problem of measuring

surface tensions of solids in ultre_high vacuu_ utilizing established

•echniques in a range of tempe_.atures below 007,5T and not specifleally

limited to the type of material studied is apparent°
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IV. EXPERIMENTAL pRGCEDUP_ AND SYSTE._ ANALYSIS

As General Outline of Technique

The techni_u_ developed in this l_oratory for the deter_i-

nation of the surface t_..sio_ of a solid involv6s the awasurement

of electrical e_ergy require- to evaporate a _a_s of =slid and a

calorimetric measurement of the heat evolved fro_ the c_atlc_

of the resulting vapors The &pproximate differe_c_ in surface area

between condensed vapor and the initial mass is a factor of about

i0_. If the temperature of the sm_ple is identical at the start

and at the cc_leti_ of a run, then the difference between power

input used for evaporation and heat given off to the calorimeter is

essen_ia!ly the surface tension times the difference in area

between the initial ssaple and the thin film. When this process is

carried ou_ for a pur_ elemental substance in ultra-high vacua, it

is possible to obtain a thin _ilm with an atcmicell_ clee_ surface.

The determination of surface tension by this techni_us in-

volwes, effectively, the follc_ing process:

)* *

_(T 2) * _,

in which the only eemential difference between the starting nus of

!

solid, Ms(TI), and the product of the reaction, M(TI) , is the

surface area. The energy, _HI, required to heat and evaporate the

sa_le is greater than the beat given off to the calorimeter,

_2' durln_ condensation of the vapor, %(T2) , beeauae of the

ener_ tied t_ in the large surface area of _he deposited thin
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film. The difference t AH1 - AH2, is essentially the surface
/

_ension of the material times th_ surface area of the fiL_ (TA)

(see Results and Discussion). The similarity betv'_enthe approach

presented here and the heat of solution technique utilized by Jura

and Garland (79) should be apparent (see Other Experimental

Techniques). Since the recorded values of the surface tensi_ are

so small (100-3000 ergs/c2 for most metals) in comparison to hea_s

of sublimation per cc, tee major requirement of this experiment is
0

that the change in area between Ms and Ms must be very large° This

was accomplished by evaporation onto a substrate maintained at a

low temperature.

According to Al_em, et al (33) the surface are_ resultin$

from the ultra_hi_h vacuum vaporization of co_per onto a glass

substrat_ was an inverse function of substrate temperature _ Thin

film_ deposited at room temperaturp had a surface area cf about

8_2/_ whereas an area of _o6 2/gm was obtained for films de_

posited at liquid oxygen temperature (90°K)o Liquid nitrogen

t.r_erature (77.32¢K) was utilizmd for the temperature of the

substrate in our experiment so Areas of thin films evaporated in

vacuu_ (but not in ultra-high vacuma) onto room temperature sub-

atrates have been reported by Brennan (95) for _ number of metals

while Swaino and Plumb (3_) discernssome of the experiment_l

variables influencing the surface areas ob_aAned for _vapora_d

films. Many factor_, such as substrate temverature, angle of

incidence of the vapor during deposltion_ su_strate cleanliness,

vacuum, purity of the sample, etco, affect the surface areas of
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vacuum deposited thin films. The techniques of surface area

measurement vary considerably dn_ present another possible error in

man_ of the repo_ed zurface area values as _ill be dlscusse_ later.

Uutil data ar_ available for a group of metals evaporated in ultra-

high vacuum and utilizing identical exl rimental conditions it is

difflcult to draw meaningful conclusi_s from a comparAson of 1_he

surface areas of different :etals reported in _he literature° The

surface area is, hovever_ a_ important factor in determining the

amenability of a material to this experimental procedure.

Some other factors influencing the amenabilit_ of various

materials to this e_perimental procedure are known or can be esti-

]_steA. The _enability, Q, is inverseS7 propo_ic_al to the

differe_os in heat c_tent, AHI_ butveeu a gu at the te_rature o_

evaporation, Tev . and the s¢lid at the initial teuperature. The

rsssca for this is that t_e total surface energy of the t2:infilm

deposited in the experiment mast be _ neasurable percentage of "_he

total energy _nvo!ved in the experimental run. The total electrical

purer input energy, _I' includes radiation loss, _he b_at content

diffezv_ncebetween _he materiel at the Initi_l temperature and the

temFmrature of evaporation, Tv_ and the heat of vaporization. The

energy received by the calorimeter, _2_ includes _,heradiant energy

and the heat released d;Ae to condensation of the vapor on the su_o

strate. _I_1 is equal to _2 plus the small quantity, TA t the total

surface e:_ergyof the thin film_ Since ra/Aiation loss is pro-

porttonal to T_, the amenability is inverseS7 proportional to T_ev'

The amenability is d/rectly proportional to tha aurface tensi-_,

7. the surface area _ __ of the thin film, A', and to the
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• evaporation rate_ R, at the _ntperat,ure of evaporation choseno

Values for evaporation rates of meta_ are given by Du_hman a_d
/

Lafferty (23_ Values for sl_face tensi_ and eurfa,_e areas (_

thin films have been _,sc_sed above° The £'actorainfluencin_

amenability of a materlal to _he exl_eriment_ procedure are

grou_ to_ther An the folla_ing proportionalit,y relation_

Q _ _ (36)
Tev _i

in addition _o _e above_ Q _s also rela'_edto the heat leek rate

of the calorimeter and to the p_'ecis_on of t.he electricaA pover

_u,Arenent system sine_ °' ._ product 7A (where A is the area of the

thin fi_: obtained in the experiment) must be considerabl_ larger

than bo_h the calori_er leak rate and the limit of prectsioa in

the power _asurement syotem in order to obtain resulto. Conme-

_u_n_l_ Q is inveroel.v proportional to either the calori_ter leak

•- ra_ or the power meuure_ent _rr_r_ _hicheve_ is larger and,

theref@re, the limiting fa_toro Also to be cc-n_-!Sered _a_ the

_illty of the material to be _e|ted %0 under_n the pz_.,ii_.nary

ult_ca-high _cuu_ bake,_out {up to _50_C) with:_ut ev.aporatiOno From

the above an_ysi_ _ silver va_ chosen for _hl._ e_eriment s_nce its

a_ena_ility w_ good in comparis_ to other _etals for wht,:_u data

wa_ available and stnce _A was _ar_e enough _o be detected e_peri_

• entallyo An ad"Lio_ai factor influencing the purity attainable

is the fact _hat the oxides of s_lver a__e _ela%_vely unstable a_d_

therefore_ easy to dlssocla+.eand re_ove +_Aroughul_ra_hlgh v_cuu_

proceduA"e_o The experimental procedure dereloped here would,
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however, be amenable to other me,terials,both metallic and ncn-

metallic 0

In the following sec_ __,_ _ techniques necessary for

vacuum evaporation and for obtaining an J._c_.cL_ clean _tn film

surface are discussed together l'ith the calorime_ a_d power

measurement syste_ -andt_ (BET) method of surface axes measure°

ment_ Figure 9 portress ,llagramaatlcally the various ccmp_e_ts

of the experimental appar_tuso

B, E_a_oration Procedurt and Ultr_HiKh Vacu_ (UHVI TechniQue.

Sluce the surface _eas_on varies with adsorbed ate, the

requirenent of a clean surface warn st_9_lated for _he _xperi_,al

measureaent of the surface tensl_ of silver. The utllts&tl_ of

ultra-hish vacum (_[V) e_aporation procedures was, t_eretore,

mandatcryo In this settle: the U_V technique is _e_crtbed as well

as the filament assemb_ • _ei_ and eve_ra_icn procedure. Since

the surface tension of the evaporated film is a very small per-

centare of the heat liberated to the =alorimeter_ an evaporation

temperature of 1600°_ was chosen to optiaAze the enerptlcs of the

system ae explained in Appendix I o

The sample :at_rlal chosen for vaporization was 0.00_"

diameter silver w_ _ of 99.999% purity a_ obtained from Ley_ss

metal and Chemical Corp. Fourteen coils of abent twenty turns

each of the silver wire were you, d ca a i0 ELI t_sten - 3%

rhenim, filament as shown in Figu_-e10a, whxc_ had been dega_sed

for about i0 minutes -_t2000°_ in a vacuum of at least 10-6 Torr.

Afte_ winding the silver wire on the degassed fllaaen_, the w_ol,_

assembly was dega_ed f_ther at 10 -6 Tort for a .+'ew hours at
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Ge_ Burette

c F/"

- j
;[

I

Calcrim_ber

Vap°_'z&_'i°n._ lament_ sem_ l_ycell

_---- Power Leads

I
I ,,,, ,,

Power Meauurement System I

J
: FIGURE 9 - Schematic of _mti-e Apparatug
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]

Power Leads

F- Silver Sample

c)

FIC_;RE 1.0 - Filament Assembly Designs

(Type a) was used)
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about 1000_K, The filament asoeably was then incorporated in the

experimenta_ apparatus and UHY attained 0 further dega_sing was dosse

in the 10 -8 Torr range until no increase in pressure was observed

upon repeated heating_ of the assembly to 1000°K_

At the evaporation te_erature utilized (1600°K) Rook end

Plu_ (96) have shown that tungsten conta_natto_ of the evaporant

is negligible. _cav_e of thi:sand th_ de_aseing procedure ume_

the p_u_it¥ of the silver evaporated during a run vas expected to be

a_ least 99.999%. Other filament assez_ly designs as shovn in

)_gures 10b and c vere tested. The crucible ty_e shoen in Fibre

10b, in vhich the se_nplevas a Lmall lump of silver, gave a

llmited evaporation rate since the surface a_ea of the silver ex_

posed duriug evaporation vas very small in colparison to the area

av_iiable using the _si_ of Figure 10a° _e crucible type of

filament also _ "oduced large fluctuations in pover vhich ve_e

difficult to record (see section on Pover Measurement SFstea) and

which _'_.re probably caused by electrical shortin_ betveen _ura_ ¢t

the filament as the silver melted and vaporized. The design of

Figure 10c worked well but the simpler design shown in Fii,Are 10a

was possible if a tung_?_n _ 3_ rhenium alloy i_lasent w_ used

instead of pure tungsten, since liquid silver wet and _%ered to

the alloy but not to the pure tungsten.

Since ;tl!_n, et al (33) have shown that the surface areas of

metals condensed fro_ the vapor in UH¥ at about 77°Kar_ a linear

fuaotion of the ma_s evaporated, the choice of the amount of silver

evaporated durin_ an experimental run va_ not criti@al. _ei_te of

approximateA_ 0.02 - 0,05 _B vere evaporated and, assuming
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surface area of _Om2/_ _he surface areas obtained for _b_e

w_i@hts were in the neighbozhood of 0_8 ._,2_0 x i0:_cm2, Usin_ a

value of 1675 ezg_/cm2 for the s'_fac_ tension of s11ver obtalne_

by extrapolation to ??OK of _at,a glven by Funk o St al (53)_ the

total energy of the thin f:L.Lmsurface was eLpected to be approxl-

ma+_el_ 0,22 ® 0_5_ c_lor_e,m or mor_, Since it wa_ necessary that

< this small energy be as high a percentage of the totel nest re-

ceived by the calorin_t_r as possible _ an analysis of all the

energies involved in an experimental run vu nm_o am discussed in

Appendix I, Taking into account the heat released to the calo:i-

• meter during condensation of the silver vapor, r&_iant energy

_eceived fro_ the hot fila_nt_ and the amount o_ silver evaporated

st various _emperature_ i_ vu found that _he surface energy of

_hc thin film was the hlghest percentage of the total energy a_

about T - i600°Koev

In order to insure le_s than one ._ercent of a mo_. _er of

impurities on the silver f_Im during the course of a run_

evaporation in UHV was required° Most of the bSIVprocedure

utilized has been described previously by Spalvins and Keller (97).

_e app_ratus used t,oattain U_V is portrayed schematically in

Figure 11o The substrate for the thin Zilm _epoaition was a.

7,5 cm _D x I0 cm hi6h cyllndriceS, cell (A) of 0°022" _ic_ OFHC

copper which was silver plate_ on both sides with approximately

0o002 inches of eilwrro _e substrate provided good _heraa/ con-

ductivit¥ to the calorimetric fluid which surrounded _be cello In

addition, the silver on the outslde of the cell prevented oxidation

of _he copper d_ring _he bakeout cycle., _he cell was art.ached at
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FI_JRE ii - Dia@rammatic Sketch of UHV System

KEY

A. Silver Plated Copper Cell, 3 in_ _iamo _ in_ High
375 cm2 Surface Area, 500 cc Volu_e

B, Filament Assembly
C, Stages for Calorimeter
D_ Break-off Tip to BET System
E, Glass-to-_tal Seals
F_ Fower Lea_

G. Bayard-Aipert IonlztAtlon Gauge (range 10=_ to 10"10 Torr)
H° Titanl-umGei'_terPump

I. The System i_ Sealed at thi_ Point Before Flashing the Getter, H
J o CVC Vacuum Ga.uge_range i0"_ to I0-7 Torr)
K. Liquid Nitro_n Trap
L. Mercury Diffusion Pump
M. Mechanical Fore,pump
N, Bake-out Over (removsble_
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one end to a 2.5 cm OD s_alnlees steel tube leading to the UHV and

BET systemS o The _urface area of the cell was approximately 375

2
cm and since the su_Itrate has an interface with the deposited

film of sllver_ a sm_ll interfacial energy is Involved_ Even

thou_ UHV technique was utlllze_ the lnterfa_ wo_ld involve a

chemi_orbed l_er of gas atoms on the substra_eo This problem was

considered negligible, however, since the ,_eposited silver film was

granular having a auch larger surface area (about 10 _'_c_ 2) than the

in_erfacial area°

The pu_Ing system included a Welch Duo-Seal _echan_cai fore-

pump, two 3-_ta_e mercury diffuaion pumps, and 8 liquid nitropn

trap connected in series° Th_ cos_onente enclosed in the bakeo_

over, N, _ shown in Fi_e 11 were ba_ed out between 350 ° and _50Oc

for 2_ to i20 hours at pressurea in the neighborhood of 10 "6 to

10-7 Tort a_ measured by an CVC discharge gauge _J)o The prenur_

in the system at ro_ _perature follo_in_ bekeout va_ 5 x 10 "_

Tort as _ea_ured by an _RC type 5_-P ionization ga_e (B_ard-

Alpert type) (Q)_ To obtain the desired prenures careful de-

gassing of the filament as_e_ly (_) and of the t_tanlu_ getter'

pump (H) was _,eces_a_o This was acco_lished both during end

following bakeout while maintaining the p_e_sure in the system

_e].o_ 10 -5 Tort° The _ayard_Alpert gauge and _he fila_nt as_e_b_

were dega_eed again at room re.stature following ba_eout_ After

bakeout_ the system wa_ isolated at (I) and _he titaniu_ getter

flashed intermittently to attain the ultr_hlgh vacuum range° HAg_

_urity OoOlO" diameter titanium wire obtained fro_ Ar_tc_ which
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vas wound _ 0.010" diameter tungsten filament served as the

getter.

Many proble_ were encountered _evelopiug leak tight seals

between the metal co_anents of the ultra-high vacuum syst_a.

Cracks and porosity which _eveloped during the bakeout period w_re

numerous and presented the most difficulty. Most of the met_l

joining ve_ accomplished truing (Hand;y'-H_ Braze types 715 an_

580) silver solders which contained no high vapor pxwesure

constituents.

The vacuum required to limit adsorbed impurity coverage of

the thin film surface can be estimated usuming i_eal gas kinetic

theory. The fraction of surface covered, 8_ is given by:

e - 3°53 x 1022_a sty_ (37)
MT

Where a is the sticking probe3ility, s is the crosu-sectlonal area

of the adsorbing atoms t t is the time at prelsure_ p after forming

a clean surface_ M is the molecular mass and T is absolute

temperature o To obtain a rou_,hestimate of e kno_Ing that the

residual gases in an ultra_'Atgh vacuum system are usually h_dro_en,

helium, and carbon monoxide we can use an average of the masses of

these gases for M and an average molecular cross section of i0_2o

For a tenperature of 77°K_ a sticking prob_bility of 0o5, and a

total _ime of three minutes t one percent of a monola_-._ coverr-._

_I,iioccur at a pree@ure of 10-9 Torte Cone,aquent/_tpressures

clole to or better than 10-9 Torr were used in these experlments_

_e actual pressure inside the v&pori-ation cell i_ediately
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following the c_denea_ion of' the silver vapor vu p_Jbably _ch

less than that read _ the pressure gauss _tnce at a pressure of

10 -9 Torr there would be only about 1011 molec_lerJ inside the

500 cc vaporization cells Since c_e _ol_er of gas on the thin

film surface constltutel about 1018 molecules and nince the _an

free _ath at 10 -9 Tort is close to 107 cm most of the molecules

within and clole to the vaporization cell _,repttere_ _j the

gilver film. Frem the above dimculsi_ it can be seen that if a

pressure bel_ 10 -8 te attained for an experi_tal run, a clean

surface can be guaranteed if the sample' _terial is thor_h_

degused.

c. P_,r _u_t sy,_a

The energF to form a thin file surface, 7A_ vu shown to be a

very o_A1 _ercenta4_ of t_e total energy in the anal_is liven in

AppendAx 1. For example 0 _o fo_ a thin film of silver at an

evapora_ion re.stature of 16SeeK, 7A is about _ of the to+_al

energy utilized (_ _ a co_eq_ence, to approach a

precision of t _ in ¥A, _e paver required for evaporation emwt be

measured to at lee_t _e part in i03+

In order to accomplish a precisi_ of this order a =IrcuA_ as

shorn in Fi&ure 12 va_ +roll,ned+ Di._ct current supplied frc_ a

heavy duty battery was supplied to the evaporator filament (R3}

through a standard rer_istance (R6) and a series resistance RI. The

curr_nt p_sslng th:_,_ a calibrated RBS standard 0_01_ reslstor

(R6) produces a volplane drop acros_ the resistor. This ear output

activated a high sp_ed Brown Electrcalc recorder {A_ (i/_ _ec rill

•July, 1963, to a value of 0_010033 ohm at ten amps +_
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A

FIGURE 12 - Power Measurement Apparatus

KEY

A. High Speed Recorder (ampera_)
Bo High Speed Recorder (voltage)
Co Time Interval Meter

R1 Series Resistance; ApprorLmately 0.7_

R2 Dummy Load; Approximately lo0n

R3 Lead; Filament Assembly

R_ Standard 1 K_ ) Voltage Divi_er

R5 " 1 ,q )

• R6 0,01flNBS Standard
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time; _.8 An/sec chart speed) to produce a recording of the cun_mt

profile during the :un. Thud curTent paasi, g +__rou_ s_andard

reslstanG_, RS, which waF p,_rtof a voltage divider ¢_e_osed _f

R_ and RS, produced a si_dlar voltaa_ drop Whi_.hwas also plotted

a similar instrumant_ The emf vai'.___p___-ted _-nthe recorder

charts were subsequ_atly st=udardi_d by d_plicating a sufficient

number of d_ta points by placing an input ezf into the recorder

from s Lee_s aud Northru_ potenti_aeter (_$663_) or a Lindmck

Hicrovolt source; thus, the recorder iastrusent errors could also

be standardAzedo

The exact tote/ time interval of the run was recor4ed to *
f

2 x 10 "6 secm a digital Berkeley Time Interval Meter (C) fixed

into the circuit control.

Before starting a rtm s current was passed through th_ du_

resistor, B2s then mrltche_ to the filament ssse:b_y, R3, to

initta'_ the run, The recorder strip charts were activated

slightly before the start of s run to ensure uniform chart Ipeed

throughout th¢_ rt_. Upon switching the current from R2 to, R3_ th_

ti_ _as &@fly&ted and a change in the plot was visible on the

recorder charts° A resistance, RI_ in series with the fila_nt was

uee_ to decrease r.he !aA'ge a_pera_e variation that vu due to the

resistance chan_ of the filament assembly as it tncrsases in

temperature durin_ the first few seconds of s run. Seapl_ strip

chart recordin_ of the voltages recorded on the Brown Instrueents

are portrayed in Figure 13o

Since the total ener_ (E) _rovided to the file_aent assembly

is a f_ction of t_o product Of the 'tim o (t) o _olta_ (v)s and
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volts 3 _-- _ ....

i k./--
............. ! , I I, _...L ! I I _..

0 2 _ 6 8 lo 12 l_

Time (Sec)

FIGURE 13a - Strip Chart Recording of Voltage From
Brown !nstr_ment emfo

51

3
.__ J _.I ........ | ....A .... I i I ,,_
o 2 _ 6 8 lo 12 I_

_Ame(soc)

FIGURE 13b - Strip Chart Recording of Amperage from
Brown Instrument emf_
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8

Watts
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, , j, __I I ...... i, l ,,,,,, f i

2 h 6 8 Z0 Z2 lh

Time(Sec)

FIGURE 13c - Power Plot TaMen From C_vem Shown

in Figure 13a and b o

1964019303-080



69_

cu__rent, (i), to the filament an4 the voltage and current vary with

tire the following equation would a_ply:

t i(t)v dt (38)E" $o

In order to obtain an accurate deterLlnation of power from the

voltage and a_perage curves 0 a plot of instantaneous power versus

time was made c_ 75 c_ high graph paper (see Figure 13_.). Tbls was

accomplished by plotting the product v(t) i_t) cersus time for a

series of points taken from the voltage p_ amperage curves. The

total power was then de+_rmined by the method of weighing the area

of graph paper m_der the tns_ant_ueous power curve° The precisi_,

in power _eahurement obtainable with this technlq_ was • _ watt

and, if a total power of 50 watts were meas _d l_ing an experi,.

mental ._, this amours to a precision of a 0.05%.

Do Calorimeter Syste_

In order t_ meuure the total energy received by the

8ubstrate during the vaporizatiun and candensation of the silver

sample an isothermal calorimeter was _slgned which could be

operated in the liquid nitrogen ten_aratu_ range_ _ isotherA1

low temperature dr u_ calorimeter such as that described by

Gtnninge and co-workem (98) might have b_en designed; _ever_

there are nuae.rous difficulties inherent in such a desi_n, pa_ticu-

larl_ for very low taaporature operation. Since the energies to be

measured in this exgeriment were s_.l, ioeo less than 50 calories,

and since the change in volume upon th_ evaporatlcn of li_Id

nitrogen is large, an isothermal calorimeter _as cunceived wh_ _-h

utilized ii_uid nltro6_n at its boiling p_Int as a calorlme_rlc
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fluid. The heat received ,-ct-_ecalorimete_ wall from the silver

vapor and coincident radiation during the proces_ would pa_s

through the cylinder walls and co_ve=-_llq,ildnitrogen Co gas

(18o3 cc gas at STP per calorie) which in turn could b_ collected

in a gas burette at atmospheric pressure and roca temperature,

Giauoue and Cl_yton (99) have given a value of 1332o9 cal/mol for

_h_ heat of vaporization of nitrogen at a boiling point of 77_32°K_

thusp with the volume of liquid nitrogen vaporized &urine an

experi_ent, the heat given off to the calorimeter can be ._aiculatedo

A crees section of _he liquid nitrogen calorimeter whi-._was

d_si_ed and constructed is shown in Figure lh_ The system con-

_. sisted of the vapo_zatioD cjlinder (B) which was surrounded by the

calorimetric fluid, liquid nitrogen (C}, which was held in a monel

co_tainer_ Insulatlon of the calorim.-trici!uid from ambient

temperature was accomplished by s_rounding the container concen=

tricaliy vith a vacuum chamber _ud then a thir_ concentric chamber

placed outside _he vacuum chamber which contained more -uid

nitrogen° Each of the three concentric _hambers we_£ flanged r,see

insert of Figure lh) and affixed to a permanent base p!aSe by bolts

spaced approximately one inch apart and utillzing gaskets of 1/8'_

diameter 50% Sn - 50% In0 The vacuum sea/ at the top of the middle

container was fashioned in a similar manner° Each of the cc_c,_n®

tric snell, were removed during the bakeout procedure to prevent

their deterioration° The heat leak of the calorimeter was reduced

conslderab_y by polishin_ the co_t_iner_ a_d by utilizing a series

of ra4Aatio_ shields (D) incorporated within the vacuum chamber (E)_

Variou_ _ypes of multiple radiation barriers have been discussed by
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various authors for the insulation of cryogenic liquldSo The type

utili_ed in these experiments consisted of ten alternsting layers

of 0_001" "_h_c3_aluminum foil and 00015" thick glass fiber papcr_

Additional insulation for the ce/orimeter w_s provided by enclosing

the outer container of llq,_d nitrogen in e!uminum loll and a polv_

styrene casing (F} about 2" thick,,

The normal heat leak attainable with the calorl_e_er w_s

0°05 cal/mino In order to retain a low heat leak a good vacuum (E)

had to be maintained in the vacuum chamber and the level of liquid

nitrogen in the outer container had to be kept constant° The

latter was acco_pllshed by adding liquid nitrogen continuously to

_he _ter cont_inero

The gas burette system is portrayed in Figure 15 and

consisted oI"a gas collection vessel initially filled with dis=

tilled water and a small furnace for heating the nitrogen gas to

approx__tely room temperature before collection within the

burette° The gas was bubbled i_to the burette at atmoapherlc

pressure at the tip of a b_bler near the bottom of the burette°

The p_ssure within the container holding the calorimetric fluid

was, therefore_ held constant at atmospheric presJureo After the

gas vas co!lectcS and allowed to reach e_uilibrium, the temperature

was read on a precision _ercury thermometer to • 0_03°Co The

volume of gas collected in the bu._ette could be ascertaine_ to a

precision of * 0._5 cc which corremponts to ± 0.03 calories°

Corrections were made for the. partial pressure of water vapor mixed

with the nitrogen gas in the burette° Corrections for the volu_

of nitrogen gas dissoi_.ed in the water were -,voi_-c-_._ys-_t-__at__n_
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the water with nitrogen prior to a measureaento It was necessary

to do this because of the poor data available concerning solubili-

V!

ties of nitrogen gu in water (Cfo Landolt-Bornstein Zahlenwerte

und Functionen (I00).

In the operation of t_e calorimeter _d gas burette during an

experimental run, the calorimeter heat leak rate was determined

both prior to and following vaporiz_tic_ of 'thesilver ssunpleby

counting the number of bubbles emanating from the bubbler tip in the

gas burette° The leak rate was calculated from a known volu_e of

gas per bubble and was subtracted from the total volume of gas

liberated during a run°

Eo Surface Are.aMe.asurement

There are man7 techniques in existence .'orthe dstermAnatlon

of the surface area of a finely divided powder or a thin film of a

metal (Cfo Plumb (i01). The _eed for a technique in this study of

making the area measurements at liquid nitrogen temperature within

the vaporization _ell, which is a closed c_n_,ainer,precluded the

use of such techniques as the measurement ,,f,_ureace double la_er

capacitance in an electrolyte, the omission from a radioactive

surface layer, or others° The technique mc _ _ptable to this

experiment was gas adsorption which has been reviewed recently by

Emmett (102) and O'Connor and Uhlig (103). O, _ many gas ad=

sor_ticm techniques devised for surface area determlnatim_, the

Brunauer, Emmett, Teller (BET) (29) technique hPs been the most

widely used and was adopted for our experimental measurement, of the

surface area of the thin films of silver depueited in ultre.,high

vacuum° Of _:_ very large volume of literature conce_nlng the BET
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technique for surface area _euurements. very little york has _men

reported for clean surfaces in ultra-high vacua, eogo Cfo Allen,

et al (33)o

The validity of the BET technique for surface area deterni-

nation has b_en vindicated, imposing certain limitations, by

exhaustive comparisons with other techniques and by excellent

agreement for different adsorbates using the proper BET nmthod

the saae adsorbent_ The BET equation for adsorption on a porous

solid is :

V Cx
: 1- (n+l) n + n+i...... ) (39)v " ri-T_ { i+ (O-l)x- cxn �where V is the STP volume of _ adsorbed. Vm is the STP vo!uI_ of

one monola_er of adsorbed gas. x is the relative pressure. P/Po'

where Po is the saturation vapor pressure, n is an e_irical

constant related to the number of layers of adsorbate required to

fill up s_Lll pores or capillaries in the solid, and C is a

constant proportional to exp (El - EL)/RT where E1 is the heat of

adsorption of the first layer and EL is the heat of liq_efacticm of

the adsorba_eo If n s i_ the above equation reduces _o the

Lan_uir adsorption iso_herm_

=x, z x (_o)
DI

and if n = _, Equation (38) becomes the usual, well known, B_T

equation:

- + vc
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A method for evaluating the constant, n, as well as the c_nstento

V and C, and in addition, the range of applicability of each cfm

the _ove three equations has been discussed by Joyner, et al (10_).

The importance of utilizing Equation (38) for the deter=/nation of

surface areas of thin films deposited at liquid nitrogen tempera-

tu_ mu_t be eBphasized since the particle size of the crystal-

lites is extremely small, (cf_ Keith (105)) giving rise to the

likelihood of small pore sizeeo Adsorbents with small pore sizes

• have presented the most difficulties in surface area mee4Luwments.

_e apparatus utilized to obtain the BET adsorption isotherm

is portrsTed in Figure 16o Methane gas of 99o9_ purity as

obtained from Phillips I_troleum Coo was used for the adsorbate.

The melting point _" _ethane is -182_°C while the adsorbent

temperature was -195.8°C; therefore, the molecular area ox° the

methane molecule in the solid state, 15o0 _2 was used, for

determining the surface area once the constant, V, vas fo_d. Tho

saturation vapor pressure of methane at -195o8°C was taken to be

9.55 Tort as given by Rossini (106),

Measuremnts were erode shortly after the caerplotion of an

evaporation e_d after isolatin8 the prior and ultr_-high vacuum

gau6e from the thin film and breaking the largo conductance break-

off tip. Known YOltDQS, A and/or B, were f_lled successively vi_

methane from the rezervoir and passed into the system by opening

the appropriate valves, 3, _, or 5° After each increment of

methane had bean metered into the system and adsorption had

occurredo the system pressure was measure_ on ca2e of' the two
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_cCleod gauges. One McCleod ga_e bad a premsure range of

"' 10"_ - 10 "1 Torr while _he other _ause had a presaure reap of

10 -2 - _0 Torr. The voltme of the entire system was known such

that the resulting system pressur_ after a_Ltting a known number

of mcl_culcm wo_ld permit a calculatio= of the number of adsorbed

molecules.
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The discussion given in the sections dealing with Theory and Other

' F.r_. _ental _'_chniques indicated that the surface tension of an atomi-

call_ clean surZac_ should be higher t_an t_at of a surface contaminated

vith adsorbed atoms. In additicn, the effec% of strain energy due to

s_rface stress in solids was discussed. The sw_nitude of eac_ of these

effects ix larpi_ unknovn but it is expected that both atone cleanli-

ness and surface stress will increase the energy of a solid surface over

that of an unclean, unstrained surface. These expectations vere verified

by the experirAmtal results obtained.

The experimental procedure has been outlined above and _he

techniques _acribed for obtaining ultrahigh vacuum and for de_eraining

the pover input and heat evolvud to the calorimeter vere folloved_

Surface areas were determined by the BET technique and, for the precision

obtained in these experiments, the tvo conetaat BET equation (Equation

_1) vu used rather _han _he equation involviag three ccnotants

(Equation 39). The results for surface area, _s of silver evaporated

and surface area per graa of thin film for one ez_rinental run are:

Area Mass Az'e_ _er

.ol

For this run, the difference betveen the electrical power input to the

filament assembler and the heat evolved to the calorimeter _a_ 0._0_

calories. _ energy used in for_ing tb_ hey surface vas determined

to be

0._ qal x. _.18_ X lO T er_/cal = 3_0 _r_/ca 2
21_90 2
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for a solid silver thin film deposited on a silver substrate r_t 77°K in

UHV. The surface tension, of silver at 77°K obtained by ex_rrApolating

data _¥eu by Buttner e_ al (5_)(who used the method of cree_ of thin

wires in inert atmospheres) is 1675 ergs/cm 2. Our results are a factor

of 2._ times this value and this factor is attributed to the effects of a

clean surface and to the state of strain in the thin film as yell as to

the energies incorporated in point _nd line defects within the film.

Fro_ the experimental results and from known deta the m_..ude of

each of these effects ma_ be estimated. In order to do this _ a model of

the thin film deposited at 7_K must be formulated (see sections on

Theory and Experimental Procedure). If the thin film is assumed to con-

sist of u_ll crysta_ltttes of less than about 100 X diameter which are

ndsoriented with respect to each other, then the e_.,remely la_ surface

_rea of the th_ _lm compared to the substrate area indicates th,t the

crystallites did not coalesce at this low te_peratureo Hence_ the larse

dislocation deasities _ue to the growing t_t_er of miaoriented crystal-

1/tea 0 e_ fou*_d in fi.l_ devosited at higher ten, eraSures, is avo_4edo

The po___.:'tdefect density withxn the crystallites is, howe_er, an unkn_dn ._

2actor and could _.ontrl_ te to the ener_ of the thin film.

The ener_ of rotation ,_ a _ca_cy in st_ver is approx_tely

008 ev (107) which is about 18,_ Ecal/_i30 The weight of the thin film

in thls experiment was 0.015 _ or about 1039 x i0"_ moleso iIence_ the

ener_ contribution by yacanctes due to the w_cancy cc_centrat_o_ In tiLlS

thin film, assu_tng a re_atiwel7 high c_nc_ntratton value about 10"3_

would be only 0.00_6 cal which would result in _nly a 1.3_ error in the

obser_d value.

The effect of strain energy cn the energy of the surface has beeo
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i discussed abo_e (see pp, 38 and 39), Plenta_ _hey, sad Pfu_ (I08) hav_
I

d_monstra_ed that the strain in sma_. thermally equilibrated, silver

i crystallt_es (down to 60_) is quite appreciable. Us_.ng electron

dlffractlo_ 0 they fo_n_ that the lattice parsee%st _8j l.l_ smalle_ for

cr'tstallites of 60_ diameter than for the bulk. Frcu their results, they

obtained a value for the surface stress _f 5960 dynes/era assuming that

the entire chanp in lattice parameter va_ due to the _urface stress,

It is possible to obtain a rough estimate of the strain energy

within a granular thin film _.f the particle size and shs_e _,_ knc_a. If

we asstme, to start with, that a number, N, of cubic particles of side

length L constitute the f_lm, rhea the surface ares of the film is

A - 6 £2 N, The number of particles, N, is equa_ to the volume of silver

0.001_c¢

evaporated divided by the volume per particle and Is N = 1'3 .

Since the surface area. A. is kno_, the side length is found to oe about

_X)_., With a known particle size and kno_.ng the surface stress and

volume strain given by _lanta et e/ (108) for silver, the total strain

energy of the thin fi_m can be calculated readily, If this is d_e for a
O

parttc/_ .ltze of _OOA om edge, it is found that %J.e strain energy i8 a

ne_l_ble percenta_ of the total ex_erimental ener_, 0._0_ celor_.es.

If, however, the particle size were 100A on edge, the strain energy is

about 0.02 calories or about one tenth of the measured ener_. S,nc¢ the

particles are moot _tkeiy not cubic but el_mKated polyheg_oue with

ht_h/y stressed re_ons of contact between particles, and since the thin

film is certainly not in thermal equilibrium, it yea felt that the strain

ener_ coul_ _astly approach a value of 0102 calories,

Other ene:r_ies involved in the condensation of the thin _llm are

cc_tdered neg3_ibl¢, The Interracial energy between substrate and film
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_es consldezed very small [_ecausethe surface area of the film is much

larger than the interfaclal area° Atomic migration _ner@les in the film

during d.-positlon_re considered negligible because of the cold sub-

_tzab_ and, hence, short J[ffusion distance, Dislocation energies are

insignificant since dislocation densities in such film_ are low and since

the dislocation density in the in}tial sample (0:005" _d_-_a___ter.-ire)was_

probably high. From this discussion, it appears _hat most of the ex-

pe _mental energy measured (3966 e_gs.'um2) r_presents a true surf_.ce

eaergjo If a maximum correction of 500 ergs/cm- is assumed in order to

account for strain energy, point defect concentration, and other factors

.whichincrease the energy of the thin film, a value of approximately

3500 urn/ca 2 is obtained for the surface energy of atomically clean

silver at 77°K.

_ Another possible source of error was the _easur_ment of z_rface
02

area by the BET techniqum. A cross secti_al area of 15.0A was used

for _th_ue assuming the solid state for _hc adsorbed gas. Hi za a_d

Ki_ay (109) hav_ shown, however, for a silica gell that _ adsorbed

film of methane at 77°K is in a transition re_ioa (76-_88_) between 1;he

solid and liquid states° In the l_.quidstate, the cross sectional area

G

of methane is 18.1A and, if this value is used_ the surface energy i_

decreased _ _ot++t. 25%.

Although each phase of the sub-faceenergy deter_Inatioa technique,

UHV evaporation, calorimetry, electrical analysis and BET analysis were

calibrated independ_ntiy there was no obvious method in which the whole

q
series could be standardized in ome continuous experiment+ therefore_

the observed surface energy values reported herein _ua_"be liable to an

error in any one o_ more of the aforegoi_ steps ev_n though extreme
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care wa_ taken to prevent such an occurrence. Furthermore, the reported

surface energy value i_ the _sult of one very successi_l series which

correla'_-d well with a second series° To obtain a hi_her de@tee of

confidence in the technique as well as oRr reported values for silver a

large number of runs ought to be made utilizing silver am a standard

With the _eveiopmmnt of the alrparatua used in these experiments the time

necessary to conduct each z_: could probably be reduced from o_;era

month to less than a week aradwould reduce the probabilit_ of ap_a_'&ttts

failure im any step which normally terminates that run in fail'_e.
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%q_ CONCLUSIONS _ND RECOMMENDATIONS

The concluslons derived from the erperlmen_sl and theoretical

portions of this study include the follo%_Ing;.

i) An atontlc model of _he solid surface was developed and the

origin of surface stress expl&ined_ Surface stress and surface

tension are considered In _hree dimensions and relsted to _ach

othe :',

2) The state of equilib._lum e_d of q_lesi=equillbrlum in solid

surfaces is developed and a relation between gradients of thermc-

dynam/c quantities in surface,s is derived°

3) A new direct approach t.o t_e experimental determination of

surface tension in solids was developed which utilizes ultra-high

_'acuulh_

_) A, isothermal liquid n._.trogen calorimeter was designed.

con_truct_ and u_li-.ed ._.n the determination of surface energieso

5) A surface enerKy value of 3_00 erss/cm 2 was obtained for

a_o_ically clean solid silva: at 77°Ko

Du_ to the success ef the preliminary experiments discussed above

and the numerous modifications in the apparatus that could improve the

accura_/ of the surface enerFj values s it is recommended that fulther

dewjl¢_me_zt of this techni%us be p-rsuedo A great deal of dlfficulty was

encountered in obta/nimg Ltltr_-high vacuum %n the vaporization c_ll

assembly _e to oxids;tion of the cell during the bake_out cycle and

subsequent formation of leshSo The maintenance of ultra-high vacuum

when the cell was immersed in the calorimetric fiu/d_ liquid nitrogen.

•iso presente_ d/fficultleL'.o The improvements in technique _rhich are

particularl_, recon_nemded include standardization of the liquid nitrogen
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ca/crlmeter and perfection of surface area measurement technique_ With

further perfection of the app_.ratus,techniques for measuring heats of

adsorption on atomically clea_ vapor deposited films could be very easily

developed.
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APPENDIX A

List of Symbols

sticking probability

¥ surface tension

r _urface atomic concentration

e fractional surface coverage

second derivatives of (r)

chemlcal potential

electrochemical potential

stoichion_tric coefficient

. decrease in su_'f_ceenergy due to adsorption

effective area of adsorbed molecules

T three dimensional _rface stress tensorMy

* • lectric potential

$(r) two-bob- potential energy

variable in heats immersio_

a lattice parameter

a,b two-bcdy potential constants

d depth of body stresses

e,ek charge on kth carrier, emissivity

es ,eev interfacial energies

giJ two dimensional stress tensor of llerrit_g

h depth of surface stresses

i(t) amperage

n BET cc_stant

p p_ essure
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P_v bulk streus tensor

qj unit vector cor_onents

r rsdius

r2,r3 two and three bo_ interatom/c distances

s molecular area

t time

U strain tensor
_v

v(t) vol.t_6e

x relative pressure, P/Po

A a_a

!

A ares/ginof evaporated thin films

C constant in BET equations

E energy

F Hel_nboltz free energy

F ex_ernal forces
.@

F non-electrical external forces

G Gibbs free energy

H enthalpy

J scalar fluxes

vector flumes

K first derivatives of @(r)

L phenomenologica/, _oefficients

M mas_

N n_mber of atoms

P pressure

Q amenability to experimenteall technique

R gas constant, resistances
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S entropy

T temperature

U energy

V volume

V STP volume of one monol_er of adsorbed gasm

W work, ra(_atlon _nergy

X extensive thermod_mamlc variables, atomic posltionz t
concentration

Z evaporation rate

BET Brunauer, Emmett, Teller adsorption isothsrm and surface _ea
measurement technique

NN nearest neighbor

nH neW-nearest neighbor

RT room temperature

UHV ultra-high vacuum

NBS National Bureau of Standards
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Heate Involved In Eva_oratic_. Of_The Silver .Sar_le

In the experimental _roce.dureelectrical power heats the tungsten

filament ana silver s_le from 77o_°K to the evaporatio_ temperature,

Tev, Heat i8 transferred by radiation add by vaporized silver atoms frcR

the filament to the walls of a surrounding ceil, whic_ i8 held in a

liquid nitrogen cry,,genlc fluid at 77._°K. Following the r_n, liquid

nitrogen temperature I. again arts/ned throughout the system, if the

te_erature of the vaporized silv-.ratc_m can be assumed equal to the

filament te_rature, then the heat content of the gas between Tev and

77._°K plu_ the heat of sublimation will be released to the cell w_ll

and, in turn, t_ the calorimeter, The total heat released, _H, per mole

of condensed silver _as wae calculated for various tenperatures from

data given by Hultgren et al (ii0) using a heat of su_li_,tioa of silver

of 68_I00 calo Then the weight of silver evaporated from one _ of

surface e_a per second was taken from Dushma_ and Laffer_y (23) and the

total heat released to the calorimeter by silver atoms per 8econS at

various temperatures for the weight of silver evaporated i_ plot.ted in

Figure 17°

The q_mtity of radi_+ energy received by the cell from the

filament will follc_ the Stefan-Boltzmann Isx, %/s s eAT h where %7is

given in watts0 ale a constant equal to 5.67 _ 10-12 watts/era2 °K_, • is

2
the emissivity, A is surface area in cm , add T is Tev,

The sum of the radiant energy and heat released fro_ the co_densinK

Ka_ per second i_sshown by a curve _n Figure. 17 which approaches the

radiation c_uwe at low temperatures and the _d!curve at high tenperaturee.

Thus, high temperatures are better _n that radiation lo_ i_ a smaller
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percentage of the total energy and of the energy of the nevly formed

surface.

The total surface energy, vA, of the evaporated film i| also

plotted in Figure 17, again using the kmc_u evaporation rate of silver

for various temperatures° This was accomplished by finding the number of

2
grams evaporated from one cm of surface area per secona at each temperl_-

ture and multiplying by 40 m2/gm to give an approximate area of surface

of the evaporated film_ This area was then multiplied by ¥ s 1675

ergs/c 2 at 77_4°K and converted to calories to _dve the curve shown.

The optimum temperature of operation vould be the one at vhich tb_

total surface energy of the deposited film vas the highest percentage of

the total heat evolved, A_I + W. This occurs at about 1600°K. Above this

temperature, the curves separate farther a_aa,t and, in addition, data are

mot given for the evaporation rate of silver, so the curves were not

extrapolated past 1700°K since the trend was obvious,
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iI ! . INTRODUCTION

I
,J Previous research on solid adhesion and its _chanis_'_ has provided
I

a great deal of data and Insi_at into the mechanism of this phenomena.
!

| Indenter-plate contact, twist_compr_ssion bonding, and :_olibonding have

been the major e roerinental techniques of study_ permitting the corre-

lation of adheslon tendencies with various physical, mechanical c and

chemical pruperties of the materials under considsratlon_ Several authors

have suggested that adhesion between _tals will not occur unless com-

bined normal and tangential stresses are applied to the surfaces in

contact.

An atomistic approach to the problem, however, s,_estz a

mechanism for metallic _esion in which the application of either normal

or tan_ntlal forces ie unnecessary provided the surfaces are atomica/ly

c..'.ean when they are brought into contact,

An anal_%ical balance for measuring adhesion forces between clean

surfaces in ultra-hJ.gh v_.uum was desired, w_structed and _estedo

Several alterations in design of _e equipment have. been r_e following

preliminary experiments
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Metallic adheslou, or the cold welding of me_al surfaces when they

are brou6h% into con_;act_ can be c_sidered (I,2.3) to arise from bo_h

mechanical and c'_emic,_,t!proce_eSo She mechanical process involves the

interloc_;ing of surface irreguiariSies, intrusion or extrusion of one

phase into or around the other° This process is a function of the me-

chanic.l propertieG of each of the phases and not their inherent chemical

or electrical properties. The latter processes_ which are of particulsr

interest in this study, o_'e a function of the surface chemistry of the

phases and their relation to one another° In a hypotheticai_7 ideal

situation, a_omical]y clean and planer surfaces of the same material

could achieve bomding (autohesion) without the application of an exterior

mechanical force (26)° If the two surfaces meet in crystallographic

coincidence, the resulting adhesion energy should be equivalent to twice

the surface energy (27) (28)_ The presence of crystallographic mi_-

orientation or of surface impurities in such an ideal coatact, however_

would tend to reduce the adhesi_ ener.rl with an accompanying excess

energy at the in'&exface which is often called an "Interfaclal energy"°

Dissimilar metal couples_ while displaying analogous phenomena in

varying intensities_ also display chemical reactions of one surface with

the other, diffusion of' one into the other, and electrical %uasi-equi=

librium _henomena at the interface_ As a consequence, a simple interpre-

tation of interfacial behavior during adhesion presents a most difficult

problem.

Before considering the more specific detLils of adhosion or auto-

he_i_ oetween metal couples as presented by several authors, two factors

oiq_ht to be presented which seem to be constant throughout all of the
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investigatioms_ i_eo the in_erl_.tio_ of _dhealo_ by surfece

i_urities; and secondly, the high interfaci_l strengths o_Hrved tn

metal-_etal adhesion as opposed to those bc_din_ strengths of oxic_-

o_id_ or metal-oxide Eystemso Since only solid state agnea_ionIs under

consideration, the t_o factors are of_:eninvolved sinsAltaneously° For

exa_le, adhesion of one me_! with another under i_vre ccndltlonl (low

vacuum or atmospheric:) requires relatively high, nor_ or tanpntial

forces to insuz_ a _tabl_ weld_

_ne underiyin6 chemical pri,_iples which seem to fit to_e_eri-

mental observations arise from ¢,h_ ability of th'._ f_ee _tal a_on in a

crystal to r_tain a high percentage of its original atomic ooDd _trength
/

even _hile under_olng a considerable amount of _:hanical strain, i.e.

the _lace_t of ato_ away from their equii!_briu_ lattice _o_ition_

Covalent sol_ds, on the other hand, thou_ _:apa_e of a de_ree of _e=

chanical strain, are f_r more apt to cleave _ader _uch a s_r_n tbarA

•etallAc _ateriale _h_ch _ug_sts tha_ atomic _is_lace_nt of covale_ti_

bound materials will promote bond fract_re rather than the absorption of

strain. An extension of t_ts view into the adhesi_ process su_J_ts

that covalen_ or ionic solids require rather exact positionln_ of

nearest neighbor atc_s at the interface before etro_g at_Ac bond_ can

be formed, wher_u metals _Ill accept a _o_w liberal positi_u_ng of their

nearest neighhorso The former l_ characterized by the inalllity of

covalent solids, egg° diaa_ad, gra_hite_ s_licon, etco, to form stable

p_der co_pacts when subjected to _ri_uetting test_ below the dlffu_i_nal

temperature range. Degaesed nickel po_d_r_ _n the other hand, "_ill

adhere under its own weight be._o_ _O0°C,,

The presenc, of van der Waals force_ during any _urface to surface
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contact 9rocedure is expected to conzrlbute a_ well as th_ ,_talllc _;d

valence forces° The m_@nitu_ of van tierWaals attractive fcroc_

be_:leen solid plates of _r_An_oxide have beem me_ured (3k) but very.

little data is available for these forces in m t_!-oxid_ or m_.ta_ta_

(29) systems.

As a consequevce_ the interference of surface contaminatlon_ in-

cluding adsorbed gases, in a metallic adhesion experiment would behave as

an unknown, uncontrollable variable interrupting the metal-metal co_tact

_ia _etal-oxide and oxide,-o_ide J'mct_-eso Because the area of each

type of contact and its corresponding bcmd strength is umkno_a, an

accurate analysis of the interfac_ wo'ald be i.mpossible. One appro@ch to

the separation of these variables was presented by Sp_vins et al (2) iz_

.._4.._-_th_ metallic samples we_ clea_ed of their oxide coatings sad of

their adsorbed gases by argon ion bombardment sad electron bombar_ _nt

treatments in altra_high vacuum (D-_V) before each tes_ w._s made, They

pres'Ammd th_ _urf_ee_ to _e ideally closa, i.e_ at least 90% of the atom_

in ca_tac_ were metallic° The results o£ the_e experiments arm eh_ in

adhesion bet-_een immiscible pairs (3).

TABLE i

Adhesion No Adhesion

Observed Observed

, Iron-Aluminum Copper-Mo: fbden_z

._ _oppe r-S ilye r Si Iver-!_ lyb denu_

Ni eke _-Copper Si lye r-Ircu

;,_ickel-.__lybdenum Silver-Nickel

In an analysis of these aata they suggested that adhesion w-_s

observed if the two metals produced a negative heat of mixing, ioe_ the),

focme3 a solid solution or intermetallic phase, If, however_ the metals

1
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d/sp]._ed a positive heat of bolution: no exlhe_ic_-_":_ obs_s._z,_a_

later criterion is normally indicated by ._ c_lete _sclbility gap in

the equllibrium phase _agrsm at the te_rature of te.ting_ _h_is

o_t to be mad_ of the fact that after 8_ adhesion jtmctlon is fol_ed,

_d for tha_ matter even after _Iffuslon h_ been all_,.-d to t_e pl_e,

thermo_c equilibrium cabot be achieved at the interface until the

_ffuslon fiu_s, both mass stud electronic, have equilibra_d_ For

example, after contact _ Junctlon potential ou_h_ to be prebent vith Its

_socia_ed therm_lecSric pr_e--t_ie- (25_ 27)o I),c_erc<m_*_ic_ of

inc__sased _=perature (> 0.75 Tm where Tm i._ the meltlng temperature) the

chemically isolated interface will begin to duiffuse ov. - a distance

perpendlcular to the interface and exhibit phenomena related to the

Kirkendall effect (32,33,3h), e_g_ porosi_: {32,3h), Ma_ano interface (33),

and possible compound formation (21) depend/ng on the system in question.

Since the examinaticm of some of these phenomena su2d _helr corre-

lation with an at_distic mechanis_ of a_esi_ is the purpose of this

inve_tlgatlcm, a review of _everal ,_lated studies dealing with the me-

_hanicai aspects of _ne a_neslon junc_lon and i_s formation seem perti-

nent. Accord/zi to Bowden et al (_.5_24), two factors prevent the

occurrence of adhesion under ataourheric or low vacuu_a con_itlons_ As

pre_ous]_7 _scussed, t_ interference of s,_rface oxides or a_-_orbed

"W

gases will prevent _-_al-me%al contact unle,s a tangential stress of

sufflci_nt magnitude is applied to cause disruption of these protective

impurities. The _e_ond factor suggests that a reduction in adheslom

results from the release of elaztic stresses at the interface when the

rma! compressive load is removed_ For example, zlastic stresses

produced upo_ removal the compressive load _uring adhesion are

", ' I I
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minimal in ductile me_als with low elastic limits such as indium (2h) _Jd,

therefore, do not significantly hinder adhesion° Most other metals ao

not adhere as readily as indium since they are leas ductile, have higher

el_tic limits, and their surfaces oxidize or become contaminated in air

more rapidly° An apparatus (2_) was constructed for the investigation of

the influence of s,Lrface eontamlna__on_ __:;ct.i!ity_t-e-_mper--+-u!'e,-_ridco_m-

tined tangential and normal stresses c_ adhesions Specimens were heated

f

in vacuum_ (lO"° mm Hg) to a temperature near their evaporation point,

cooled to r,nom temperature, and pressed together with a normal for_eo

Adhesion was ebserved although the bond strengths in tension were not

very reproducible° An increase in adhesion obeerved, however, vhen a

tangential prestressing force _a applied to the specimen waich did not

cause macroscopic sliding of the specimens across one another_ The ad-

hesion was roughly proportional to the prestressing force and is

explained by the increased cleanliness of the surfaces and the growth of

the contact Junctions under combined stresses (18)_ The authors

developed and discussed an equation based _ piagticity theory (5) which

related the tangential force coefficient (_) to the a_hesion coefficient

(o) snd iucluded the effect _f e!astlc recovery upon release of the

applied normal compressive load:

1 + a 2 . (__)o._/3
0

where a a_d o are cor.stants. The ta_Agential force coefficient is
0

W

related to the experimental parameter_ throughA S - _ _- , where: S is the

tangential stress, A is the area of contact, and W is the normal io_do

_1_e adhe61on coefficient was defined as the ratio of the _dhesion force
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to the Joining load, In order to study the effect of ductility on sd-

hesion, experiments were performed wherein the time for applying a load

was equal to the time to rupture the adhesive bonds. When performed in

the annealing temperature range of the specimens, the constant Oo,

evaluated graphically, was greater than at room temperature as a resul_

of the _n_e_ed ductility _ _-.._-_ z_i .... _ elevated tem-_erat_re_,

It was suggested that annealing may also improve the bond strength by re-

moving some of the structural i_perfecttons and _zomot!ng diff_i_u with-

in _he inSerfacial regic_

Several m_Jor problems appear to still remain unanswered i_ia

consideration o£ Bovden:s investigations. _ne first and probably most

crucial le the behavior of contaminating films at the interface prior to

adhesion. A number of Investigators (35,38) hP.veshown that the possi-

bility of preparing an atomically clean metal surface by thermal

evaporation or cycling techniques is very small. For example,

Farnsworth (38) held silver at red heat in s pressure of lO"8 Torr for

over 2000 hours and _as still able to report the presence of a sorbed

la_er, capable of interference with the work function experiments.

There£ore, the questions at hand are:is this sorbed l_ver, which no

doubt lc_ers _he surface energy (28), capable of hindering adhesion

proc_sse_ and secondly, are tangential stresses necesse_-y to disturb

this interfering layer in order to permit m_tal_metal contactT Closely

rela'cedto these questions and forwdng another unanswered problem is the

proposed necessity for a normal force in order to produce _m a_heslon

Junction. According to Debye (26)_ two surfaces do have an attr_.ct.lve

force for each other when they are separated by a f_,_hundred angstroms

of vacuum space add should possess a bund strength _ithout l_he aid o£ an
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applied normal force. The dispersion forces involved in the surface

contact of oxides (26) is quite small and certainly not the e_tlre bond

strength developed in an adhesion weld; howe_er, such forces do provide

i

a mechanism for intimate contact of m_tallic atoms if no foreign atom

interference is present° In experiments involving re_alsurfaces, which

are not entirely clean_ the normal force ma_.be nece_sa_, for en!_r_in_

the contact area through plastic deformation of surface a_perities such

that immediate macro-adhesion forces _an be observed by an ex_rimentero

The presence of such normal forces may _ot_ hoverer, be nece_saxy in the

development of an adhesion mechanismo

A _reat deal of valuable data regarding the behavior of o_ metal

in contact with another has been generated by Anderson aa_ Sikorsk_ et al

(6-ii_16) and Milner et al (19-23) in ehich the contact Junctions vere

for_md between metals by the "brute force" approach to adhe_iono Their

techniqt_e generally utilized an extreme normal force acc_._anied by

transverme force_ of a magnitude great enough to expand the ccntact

- _ _ikA_t_n_ Ue_A

contact WaS eventually obtained° Resldual oxide _ad so;:bedgases were

reduced by mech_uical filing or brushing in air prior"t.o forcing the

s:_fa_es together° ol_etvist_co_pz'e,_sionbondln_ tec_aiq,._s developed by

_uderson (6,7) and extended by Sikcrski (9-11) involve the placement of

a i/_" rod of material in co,pres,,ionwith a I/h" 0.D. - I/8" I.Do tube

of the same material and rotatimg one specimen 180° while holding the

other _Igidly. A coefficient of adhesion vas defined as the ratio of the

adhesion force to the force uu_edto n_ke the J_ction. The large degree

of scatter in the data zecessLta_ed statistical analysis of the results

for eech saaple pair. The _dAan coefficient was found to be _-_pro_u_-ibie0
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The authors relsted the _edlan coefficient of adhesion to _urface

contamination, crystal structure, work hardening coefficient, specimen

purity, hardnesG, elastic _odulus, melting point, recrystaliizatlo_

temperature, atomic _adius, and surface ener_o _nese factors except for

the latter tvo are considered to be _echanl _al rather than _siochenlca!

and; therefor___re_pr___e-_ti_-f.__u__nce__A_ the ability to place c!e__u

metallic surfaces in c_tacto The effect of surface c_ta_atlon is

essentially the sa_e a_ tha_ pre_en_ed by BovO_.u (5) in that it preveuts

metal-to-recta! contact and m_ be largely overcome by t_e application of

tangential stresses. The most noticeable influence of crystal structure

was the low coefficients of adhesion observed 1"orhexagonal close-packed

metals as c_ar_d to cubic structures as shown in Figure (i)o These

results a_-eprobably due to differencos in plastic _eformation behavior

as _ result of divergent dim]ocation mechani_o _hile bo_--csn_ered

cubic crystals n_ sllp or gli_ on sever_ planes ({ii0}_ (I12}, _nd
!

{123}) and face-centered cubic o_ four sets of {IIi} octahedral planes,

_he hexagonal close-packed structur_._Elide pred_nat_iy on the ba_al

{000i} planes so their deformation is con_arativ¢ly restricted, whereby

re.oval of s"-fac_ contamination and attainability o_ surface c_formAty

ar_ correspondingly hindered° The work hardening coefficient, _sflned as

the slope of th_ true stres: vers'_ true strain curve and evaluated by

te_il_ testing, is intimately rela_ed to _tr_cture (12)o The HCP

a_'tal_ m with only one easy glide system do not work harden readi_ and

have a low vor_ h_nln6 cr_££1cle_t _o_pared _o the cubic _e_als_ _or_

hardening during plastic _ic_ also otrengthened the c_tact Junct_:

once they had fo:_edo Decreased sample purity _" :teased adhesion _y

interfering with dislocation motion, the_eb F resisting plastic
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deforaati_ at the interf_¢eo It was shown that the median coefflcieat

of adhesica_decreased as the specimen hardness increased, the hardness

t_ing measured on the sample zaoe. afar the _nctiu_ vas broken. The

effect of a large elastic modulus was to i_hibi_ ._!astic ¢_fora_/;ion and

thu_ lower the _adhesioncoefficient° Large values of the :edAan co-

efficient of adhesion vere _aocisted with large atoaic volumes, which

was ascribed to decreased c__heslveforces between larger atlas (13), The

melting point of a metal, also a measure of cohesi_ forces, (13) vss

relatively Io_er fol-g_e&ter median adhesion coeff".cients. The recrystal-

lization temperature, at which grair growth occurs and strength and in_

ternal stress decr_ _se_ (i_) vas a measure of the resistance to adhesic_

A low recrystalliza_ion temperatur_ iRplies tha_ asperity _unction_ vould

be ductile s'Adable to withstand elastic recovery effects at the inter-

face v_en the normal load vas resove_. The mechanical aspect of aurfane

ener_ dictated that high s,_rfaceenergies, corresponding to high har_

nesses, resulted in low median coefficients of _dhesiono The physic_

chemical aspect of surface energy was considered in an ideal experiment

where the specimens of a single _etal were atcnica!l_ clean sad planer

and vere brought into co_tact in ultra:h/gh vacuum° T_e adhesiv_ ._or_e

vas a function of _he surface energy and metal couples with high surface

enersies ,mouldexhibi_ greater _h_eio_ than those vlth I_ _urface

energies. High surface en.rgy i_pi es high h_dnecs _o that the com-

peting factors (surface energy and har_ess) tend to complicate the

picture. When dissimAlar metal c_uples contact one another, Interfaclal

energy plus a rolso Solid-solubility, considered a _eneral trend

_ettlng factor by Keller an_ 8palvins (1-3) and others, Is _upported by

Sikorskl and Cour*.uey-PTatt (I0) who report _h&t atcaic size factors and
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crystal structures of rare earth metals suit them well for uses requiring

low adhesiu_no Hume-_Rothery (1_) illustrated the correlation between size

factor (percentage difference in atomic dliLmeters), crystal structure,

and e_nt of solid solution.

Milner et al (19=23) have investigated the processes of adhesion

through a roll bonding technique in which two _tals were bolted to-

gether and cc_pressively rolled to some preaete._i_ed (_gree of

deformationo In effect the rolling process serves to expand the inter-

face in the absence of c._ntamlnant ___aeeeto a d__greein __hich mete_!-.

metal atom__ace brought into contact° In a discussion of the

mechanism (23) of roll bonding the effect of the variables of surface

preparation, surface contamlnation, roll pressure, time and temperature

were considered.

Experimentally, _" x _" metal c_posite8 were passed thr_u@h

compressive rolls and reglons of the bomded coup?.e were tested in

tensile shear after the a_unt of deformation had been calculmtedo The

effect of adsorbed contaminants was evaluated by applying various

surface preparations and reassuring the shear strength of the compos_.tes

as a function of percent deformation° '_e preparatious included

machining, scratch-brushing followed by' degreasing_ degreasing follcwed

by scratch-brushing, end electropolishing the 8urfe.ceso In one case

aluminum specimens were preheated to 500°C and cooled in a desiccator to

prevent readsorption of lmpu:ities_ while in the other this preliminary

step was omitted° The rest-_ts indicated that, for unheated as=plea9 de-

g_wasing followed by scratch®brushSng was su_erior_ the shear strength

for a given deformation vas greater than for the other preparations° The

minimum defor_ation required to produce a me_urable bead strength

,nj r m ' ' I
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(_0% for sluminun) va_ l_ero ._ne heated sp_,ci_ns_ electropolished or

machined, dis_: ._ _er Dc_d strengths tha_ those not p_heated bL_

not as h_,6_ a _¢r_tv_' ed composites. The auk.bore attribute the

effec_ ,_? .__:_ _, -:_li_ in a d_iccator to the removal of e_lsorbed

coutaminl_t_ Baking-out the specimens in a/r or vacuum (5 x IU"3 m Hg)

to as high a_ 600°C Indlcat.edthat the bake-out atmos__here (air or

vacuum) ha_ _Ittle !nfl_nce on b_d strength at a c_stant 60% defor-

mation, althou6h the higher tewperatur_s produced greater bond strer_thso

Bake-out at 600°C and 60% deformation produced a bond shear strength

(_.5 tons/sq.!_.) le_s than that of simllarl_ prepared b_t scratch-

brushed aluminum specimens (6 tons/sq.in.)_ i_plyin_ factors o-Lher _h_n

contamination play an i._portant role_ Samples of anodized alu_nua

(thick o_de l_er) would not bond _ven with 80% defor_tion. If, how-

ever, %_ese were baked at 500°C and cooled in a desiccator, th_ in-

dicated a good b_d above a threshhold deforaation of about 50%. but not

as good as that acL_eved after scratch-brushin_o Th/ck oxides do not

completely deform as one as illustrated by _icrosco_ic ex_%n%ti<_ _hile

thin oxides do after scratch brushing, and thick o=iuss therefore

result in a lower percentage area of _tal-to-_tal _¢_tact and a lower

stren_tho Similarl_ it _as observed that the other sM_ple preparatlo_s_

w_thout final scratch-bru_hlng, produced thin oxide ls_ers which broke

Up inde_ndently and reduced the area st _etallic aluainum contact,,

Parallel studies of surf_e.e preparation _nd oxide formation were made

using copper to correlate with the results on altminu_. Generally the

sa_ resultr_ were obt_Aned. However, with thick _xide l_ers_ the

threshhold deformation was abo_t _0% compared to about _5% fcr a scratch-

brushed c_pp_r couple, a o_l'er_nce of 15%. This sere d_ference for
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_uodized vers,_ scratch-br_u_hed _luminum was abo_t 10_o The disparity

between the changes In threshhold Seformations of copper and aluminum

couples _,_ ascribed to irregular fracture _aracteristics of massive

copper oxide which _tfectively reduced the area of met_lllc copper

coDta_ to a greater extent than for the aluminum. In the anodized

aluminum+, the thick oxide fractured into separate, rectangular block.s.

When the interracial oxides broke up as a single layer, metallographic

inspection shoved the total len_h of the fractured oxide particles

ulou6 the interzAce equalled _e orl_nal length of the specimens° In

another study (22) the authors examined the effect of temperature. The

specimens were cleaned, scratch-brushed, and seam-welded along the

outside edge of the con_osites to prever.thigh _emperature oxidation.

Bond strength ._s a funct_on of deformation was determined for aluminum,

Armco iron, magnesium, and zinc_ For alumiuum, the threshhold defor-

mation decreased £r_a _0% at r_ tenperature to 5% at 600°Co Further 0

at room tea_eratu_e, the oxide broke up with the ha_d, workeE, scratch-

brushed layer and bonding of relatively soft bulk alu_,nu_ occurred

wherea_ at elevated temperatures, bonding occ_Arre_ between the work "

hardened surfaces resulting in higher shear strengths° Armco i_on

achieved a bon_ strength equal _o the strength of the solid metal at

900°C and 1_ deformatAon and _tallographical_y dis_l_ed recry_taili-

zatton and grain _ro_h of the scratch-brushed region Euring the he&ring

period prior to rolling. Ine_plicabl_ lo_ bond strengths were deve_.oped

with magnesium between _00 and 600°C_ Similar results were obtained with

zinc as with a_gnesium and _t room temperature the _,cratch-bruehed ls_er_

displayed brittleness in so:_ regions and duetillt7 in _thers_ _e

authors suggest that the weaker bonding of the hex_;onal _etals,
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_tal couples. Roll bondin_ of _iscible _t_ produced strc:4 wslds,

b_t _th subzequmnt heat trcataent at elevated tam, statures severs_

systems (Cu_i. Fe-N$) were ccas_dersbl_ weakened by develc_ment of

dAff_sional porosity near the interface. Imlseible cubic metal systems

bonded readily, appr_ing the strength of the weaker metal at high

deformations. A hexadonal metal in the couple (Cd-Fe) resulted in lower

strength as experienced in autogenous boudin_o Immiscible systems C_Pb

and Cu-Mo dtspls_d am incre_o._ i_ bond strength vhen sub,coted to post-

Msatlng. Co_ples formJJW, tntermetallic compounds produced diveripnt

behavior 4spendi_ ca the nature of the c_poundo Brittle tntar-

metallic lairs were detr_ental to the bond when thick but had little

influence vhen thin° If tl_ ccm_nd _s ductile, the weld _s strong 0

ing_rpendsntof thickness, an_.failur_ occurred in the weaker _tal. In a

s_re recent ps_er (20) the effects of surface contsnlnztlon on roll

bonding of al_sin_ couple_ at roaa temperature were eonsidertd in

greater detail. These i_urities, principally oxide and vator va_or, are

p_ factors for the inability t¢ weld by roll bondln_ tec_AA_uss. This

is _roveu, for exa_le_ by an experiment _here high purity aluminum vas

baked out in vacu_ at _O0°C for 12 hours, nachLned in vacuum, sad

passed through the rolls (_bAu _ seconds after machln.t=_) in a vacu_

of better t._sn 10 "k m_ _, The threshhold deformation was 10_ compared

to _ in earlier experiments in the atmosphere after scratch-brushAng.

It is believed that the threshhold defor_atim_ is requAred in order to

dtsr_t surface contsminsat_ and allc_ metallic contact. Also sul_ested

is the l_ssibtltty of reaction bondin_ of altmtn:s and oxygen (of the

vate_" aole_les) at the Interface wASh the MY_ entering into

solution in solid aluainum. Mllner and Rove (19) have publishod sm
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• xce_l_nt revtev on _e state of the art of solid phase veld_q_ with 118

refer_n_.

Altho_ the data cited above does provide excellent _fo_tion

an the behavior of _a_-smt_ contacts under l_e eruditions of l_r_

no_ or transve_e ]o_ _icb is inv_le for further ¢orre]_tton to

wear sad frtc_i_ phenomna 0 the _*_ does not ]_m_ itself to s clear

interpretation which _rll_ _e ultimately n_cessary for the development of

a _cha_Lsm of s,,'lhoslOno _ existence of _control_bl8 pars_et_rs

to _urface c_ta_natim and _acro-_eeh_ca_ forces d_ the

perfor_nce of an ex_ri_ent to determine whether or not sc_e variab_

is a si_dficant factor in an adhesi_ _chanisn could r_a_l_ r_em

the true outcc_ and pro_de a totally err_eou_ tnter_retatiOno In

or_r to avoid these pitfal_ e_ e_r_ent was designed vbtch _nvolves

the c_ntact of ato_¢al_ clem surfaces under a _tn_am of normal mad

tangential contact force, such tha_ the el4ctrica_ properties of such a

Junct£on could be measured and correlated wl_h the nor_a_ lOSdo Such

information _ pr_v_&e a _ea_ur_ble quantity vhtch co_d in turn be

used _o ucertaln interracial chants as time and te_perat'_r_ are varied.
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III, EY._BIH_I'AL

An _pparatus to _asure adhesion forces between at_ically clean

metallic surface_ with a minis_m of ccapres_ive normal and tangential

force, in ultra high vacuum, was designed and constructed aa shown in

Figures 2-7. The analytical balance (39,_0) used to measure the forces

of a_hesion ccusisted of a 9/32" x 12" yyrex rod beam (E) as shown i=

}IKure 2. Affixed to one end of this beam was an alwainum attach_nt

(A) which SUl_Orte_ the specimen indenter (F) and ._ ._tO_stainless steel

counter weight (C)o The other altminum end fixture (G) supported an iron

solenoid core (H) which was in turn sealed in a Klass tube and hung from

a _ rail. tungsten wire. The balance be_ was secured to a 30_ stainless

steel knife-sales fulcrtm (B) which rested on a 1/2" send-circular

cylinder of pyrex tube (A) to reduce the rocking frictLon between, the

knife-ed@e (B) and the 5/8" stainless steel semi-circular cylinder

suj_ort (C) as shown in Figure 3. The axis of the stainless steel

support (C) was held in a fixad position normal to +_e beam axis by spot

welding _o a 1-1/2" stainless steel semi-circular cylinder (D) which wu

in turn secured cancentrical_,v to the vacuum cell housing (F) by its

spring tension°

The heavy counterweight(C)of Figure _ fastened to the balance beam,

was included such that the fulcrum could be located nearer the sample

while still retaining balance of the systems The fulcrum was pomiti_ed

so that the sample end of the balance beam was one7 slightl_ heavier than

the end supporting the solenoid core° This plscee_nt accomplished

several objectives. Force multiplication through the solenoid-core

ne_netic coupling was i_roved¢ lateral movement of the sample due to

similar motion of the core in the magnetic field was reduced, and the
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stability of the been asseably vas enhanced° The greater aas8 sGmmhst

reduced the sensitivity of the balance°

In i_s operation 0 the vertical force and motion of the tn4enter

speci_n in the balan_w sseeabl7 vs4 controlled by aa_netlc co_L_ of a

core within the system and an external solenoid° The solenoid was con-

stab:ted of a 3/_" _.D. • _" thin vat.led brans tube votmd wi_h f2k

Formaz coated corper wire to s total resistance of _.20_ o_° The

simple electrical circuit consisted of a 6 volt D.C. stors4e b&tter_,

mrltch, Model A ten turn-ten oba precision Heltpot potenticaeter, and the

solenoid connected in series° The Heltpot was atttxld with s turns-

counting duo-dial VtLtch reiterated from • to 1000 as the clrcutt

resistance van vartedo Inttisll_, the posit.ton of the solenoid relsti_

to the core was ad_t_d such thst the balance beam v_s hortzont_l and

the indenter opoeinen Tertiesl. T_e _ p_SiCSl contact of the

balsnce bern asmmbl7 _ud the other _sratus at. th18 stsee was _I_sg the

kntte-ed_ of _he fulcra° Since the purple of the balance mm to

measure conta_t ._orce 0 the balance vas ¢al£br&ted by m=spend_q_ wires of

_novn ms from _e indenter ipeciaen and recordtn4 the c¢zTes_dla4

circ_'.t reeigtsnce required to retur_ the balance bee_ to the Initial

balance p_itton° A typical calibration curve is shown in Fibre k.

A_ter _he speetaens were bro_ht into touch contsct (as described in

4atoll below) the Hellpot resistance vas slovl_r _eeremmd tro_ 10 ohm

until the a4hesto_ honda were broken, the resttance value r_eor4ed, aa_

the _lled force re&d tram the calAbrstton curve.

The speet_m ;_ste (0), _o: in Filure _, w_ attached to an

8_m2nm oyZCudrleal l_attom (C) which vas c_uootmd to the amel

belAmm ve_ieal ration,_,.___ (A) by a l_rez to4 (_), In m earlte_
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experiment, the specinmn h_lder con_isted of a pyrex cup ratker than a

_latform because the sample wa_ indil_ (low-melting point) instead of

nickel° Electrical contact to the outside of the vacuum cell was made by

silver sold_ring a 30 rail 0F_C cc_er wire to the nickel plate sample (G)

and to the nickel wire of an electrical throt_ sealo

A frame (F) was attached to the upper threaded tube (D) in the

bellows unit and a tension nut (H) was screwed onto the threaded rod (E)

which held the bellows in cumpressiono Loosening the nut raised the

specimen by allowing expansion of the bellows to its e_uillbrlum len6tho

_f ihe specimen had to be moved closer to the indenter, a 1" micrometer

head could be fastened into the frame by a set screw and exten_d to

expand the bellows vertically_ The to • " .._ance over which the

specimen could be moved was about 3/_"o

The vacutm p_p:_ug system as shown schematicall_ in Figure 6 cc_-

slst_d of a Welsh Duo Seal mechanical pump (A), a tvo stage CVC oil

diffusion pump (B) .ith a liquid nitrogen trap (T I) m end a three eta_e

Kc_tes (Model So, K-92_75) mercury dlffu_io_ pump (C) which also had a

built-in liquid nitrogen tl_p (T 3) o The pressure between the diff_l_ _ ..-

pumps was measure_ with a CVC (GPH-10OA) discharge gau_e (D)_ capable of

measuring to 1 x 10 -7 Torr and separated from the mercury dlffUslC_ p_

by a 1/._uid nitrogen trap (TR)o Bakeable liquid nitro_n traps (_._4 and

T5)m 2" O.Do by ii" long, led to a standard ball,and socket _ro_nd _lass

valve (H) enlar_d in Figure 7, which could be opened or closed by

co,,_l_n_ _o a magnetic rod kA) seal¢_ in a _lass tu_ which in _ur_ was

' attached to the upper portion of _he valve_ _e valve wag held in an

open position by a second ,_netic bar (B)m _lso see/ed in pyrex and

reetin_ in a horizontal side a_.--a,
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in experimental run, the syste_ was evacuated with

nechentcal p_p for a few minutes after vb_ch tine the oil _tffusiols pump

was turned on vhen the pressure yes reduced to below 1 x 10 -5 TORT. ,

5_he mercur7 cliff, ton p_p vu then slowly heated to tt8 c_erstJ_K

temperature which usual_7 required several hours. At this poin _. the dt_

charKe 6a_e (D) pressure was below 1 x i0 "6 TOrT and the press_ near

_._J K188S valvm a_ meawured by & hot catho_ Bqa.-_t-/_srt typo Saui_ (J)

(BR_ 553-P end 753)p vu usual_ belcv 1 x 10-5 Torr. For out6usinK th_

_upclmnts of the I_parattul, as 8h_n in _"_4ure 6, am 18" x 18" x 2_"

f_rnace (J) val coimtructed of Kromld Kla_e Insulation material held in

an aluninun frame and covered interna_y _'._ s triple _Fer of al_inun

foil. Re•rinK was accespliehed by ten 230 volt, _00 watt Chr_malox

st_p bo&t_re connected in paral_l_Z to a 220 volt line throuih • 230 vOlt

V_'ac (Type _() &t_totrsilsforllSro -_e 8yJtola: with .511 of the _u_

p'_e_ in full _l_erat4on, was then baked out for •¢ _oast I0 hours st

_.50°C. After th_ "furnace van turned off end re_o_d, d_vm were f%_ed

with l_u_._ nttroKen and placed around _reps (T_) end then (Ts) vhtlo the

i_lasowas st211 vsxi. The type C Grenville-Ph21111_ valve OF). also

baked ou_, va_ then closed.

Tank ar_on was a&aitted to a 500 n_o _etter_nK flask (G) follog_n_

the oveporation of pure bart_ from Barex getters ([tn8 Laborstortes_

Syracuse. lI.Y.i. Oetterins o_" the arsc: for several hours over bartun

raovod active Salos_ water, and o_Jaer active inpuritto8 by chemical re-

t_tlon _4 _orptlon. Whoa th@ _Jll _sSuro wall at least I X 10-8 Torz'.

end the ilass valve (R) was cloeed, the pure _ was adn_ttea

_tlnuo_sl_ through the Orinvillo-PbILtlps valve (F) t. • e_stant

s_rs_a pressure _f about 8 x I0 "_ Tort. _e speeAi_ were then u3_ee
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ion b_baz_d at 3 KV and lees than _3 ma. _ith an Allen Jones rectified

D.C. pover supply by attaching the negative lead to the specinen s_d the

positive lead to a _ttcal_ novable shielding plate (M)_ placed

betveen the s oecinens in order to prevent surface contamination of one

s_ecimen lhile the other va8 being bcmbarde_. This cleaning p.,-ocess wse

eontlz,ued _tll each specinen had a brilllan_ a_pearanee. Visual

obse;'vatton of the speciaens was tapaire4 by netal &teas vhtch condensed

on the pyrex cell wall. Folloetng banbsrdnont, the Granville-PhillAps

valve vas closed and the system re-evacuated to "_elo_ 1 x 10 -8 Tort. An

AC potential was then s_plAed to a t_4_sten - 3_ rheaiwa coiled filmnt

(L) and the speeinsns vere stripped of adsorbed argon ionl by electron

b_bardnent. When both saaplei had coole4 and the pressure returned to

i x 10-8 Tort or lower, the indenter and plate _ere brought into nea_ly

forceless contact wAth the balance beam vtsual_ horizontal and the plate

rained with the vertical aoti_a assenbly. The cur:ent was mloely raised

in the solenoid _ttl contact was broken. Yollovtng each rtm, visual and

_taAloKrsl_ic tnspe_t$on was made of the indenter and platu and the

balance was re-calibrated. ,

1964019303-142



Iv.

The first experiment, using an electropol/shed alu_n_ heal-

sph=_ical indenter and a pyrex =up of indium, failed for two reasons.1

Duri_ the bake-_ cycle, in vhich a temper&_urv of _60°C vas achieved,

s leak de,el.peA o/_er approx_aatel_ 15 hours in & vel_ed portion of the

beilovs unit. The bellovs vas successfully repaired by stlyer soldering°

Secondl_ afar the rUm&c6 had been turned o_p *-h-- indenter was found

to b4 _r_.ssly deformed, h&wing an enlarged o_pearL_ee° Subsequent

secttco£ng of the speci_m provided na cluss to the cause of this _for-

&ration. In the second experi_nt, using a c_csl alm_nma indenter and

indium 0 several hey proble_ arose., It vas found thst the fluoride flux

used for silver solder JoinLng of the copper wires in the _l_-m cell

out_oed heawil_ Is&wing an swap.rated 4epcelt on the valls of the cell

vb/ch caused undt_ conte_'Ln&tion in the system. It vas dec_ded, thex_-

fore, to silwer sol4er without flux or to fusion veld rlth a reduoin_

o_4_s-_tylone flsoe in future work. Ar_on ion bombarda_nt clemsl_

of the alu_n-o was rather uno_wceesful and Ion bcobar4_ont of the

inA_u_ could not b_ completed due to malting of the 10 _L10lq_C copper

v_re electrical lead. 30 _L1 wire vas installe_ follovin_ in the r_n.

The lon_, su_L-circular shaped, coiled tuo_sten-3_ rh_lma elec_r_

b_b_nt f_lomo_t so4_ed when heated end eraeke_, the cell val_.

p_t was au_e b7 ineorpor&ting a shorter eo_led fia_oent.

The second oxpe_t did shoe, however, that the _lens _alwo

srrsnlpaent could be opersted successf_a_._ st systea pressures below

8 z 10"9 To=r. For the present ezpe_t, s _per (_._:) t:_ter

and s nickel (_,_'T_) plate are helni_ studie4. Tl_ e_e: m_ eleetro-

poiished end the ntokel polished oa k/O pager _ust pri_r _o _beir
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installation into the vacuum cell. _oth metals have been shorn to be

easier to clean than aluminum b7 argon ion bombardaen_. Also the ntc_el-

copper phase diagram disple_s complete solid solubility _) add should

adhere on *_e basis of a solid state nlsclbility criteric_o The related

conefpt of atomic size factor (13) is favorable to adhesion in this

situation (about 3%). The spplicability of this factor was mentioned

before in consideration of the research by Keller (Ip2,3) and Sikoreki

and Courtne_-Pratt (10) and is supported additionally by Johnson (37)°

In the current experiment, a mixture of dry ice and methanol is

used to cool methanol which in turn is circulated throw_ the water

cooling ch_abere of the mercury dlf_Ion pu_p instead of cold water.

Tasnan (_i) ha8 shown tha_ thro_ this procedure the efficiency of the

diffusion p_ is incremd slgnlflcantl7 and the ultlmate pressure

capsbilit 7 of the p_ping system is tzproved.

A description of the construction of the b_l_mco be_ assmib_ vas

premmted earlier; however , a discussion of this portion of the e_F_watus

is in order. It was fo_d that when a m_aetic field was applied to the

solenoid core_ the core, as veil u being pulled vertical_ dmmvsrd, '_-

was drmm laterally ngsAnet the tubular glass cell wall. Consequently,

vertical motlon of the in4enter specimen was inpeded and tenKential

£orcee would also be applied to the specimens in contSeto After several

tr_e£a Of _owJ lw_aetic COU_1._ al*rsnsemsnte end Keometa-le8 were

tested without satisfactory results, the ortiitnal design of the solenoid

and core c_ponents was selected with the inclusion of the countervotght.

ThAs design reduced lateral motion to negligible saowats and t_roved the

bslenee perfornanes ew mentioned earlier.
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